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Spectroscopic data and reaction rate coefficients pertinent to ozone in the mesosphere 
and thermosphere (altitude> 50 km) are critically surveyed. These data should be of use 
in modeling atmospheric infrared luminescence, measuring atmospheric ozone concentra
tions by remote sensing, and designing and interpreting laboratory measurements. There 
is a clear need for additional data on metastable ozone electronic states, additional atmo
spheric ozone formation channels, collision processes involving electrons and Ions, and 
vibrational state dependence of reaction rate coefficients. 
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1. Introduction 

The reactions of ozone (03) in the earth's atmosphere 
have attracted the attention of many scientists during the 
last half-century and more. As the importance of ozone in 
controlling our planet's thermal and radiation budgets be
came evident, extensive efforts were undertaken in measur
ing its properties, modeling its behavior in the atmosphere, 
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and systematizing an ever-increasing data base of knowledge 
about this deceptively simple molecule. These efforts have 
led to several comprehensive assessments of kinetic and pho
tochemical data for atmospheric chemistry by the CO
DATA Panel,I-3 and in a recent WMO Survey, 4 and NASA 
report. 5 

The purpose of the present critical review of spectro
scopic and kinetic properties of ozone emphasizes several 
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key aspects that have not been the principal focus of the 
previous assessments. These include the following. 

( 1) Vibrationally excited ozone is a major contributor 
to the infrared luminosity of the upper atmosphere6

,7; mod
eling atmospheric infrared emission thus requires knowl
edge of ozone steady-state vibrational popUlations and vi
brational transition probabilities. 

(2) Measurement of atmospheric ozone concentrations 
by microwave, infrared (lR), and ultraviolet (UV) remote 
sensing requires highly precise absorption cross sections and 
line positions. 

(3) Interpretation of laboratory measurements of 
ozone formation and destruction mechanisms in the meso
sphere and thermosphere8

-
lo also depends on a knowledge of 

these spectroscopic and kinetic parameters. 
The principal feature of ozone chemistry in the meso

sphere and thermosphere, which has not been considered in 
detail in past assessments, is that the reactants and products 
an:: not in thermodynamic equilibrium. There exist instead 
steady-state distributions of molecular energy states which 
depend on local temperatures and species concentrations. 
Modeling such distributions requires a detailed knowledge 
of reactant- and product-state-specific rate coefficients. This 
additional complexity is partially compensated by the pres
ence of far fewer chemical species than must be considered in 
stratospheric ozone photochemIstry. The effects on other 
species that may be present and that may contribute to atmo
spheric luminosity, such as OH(v) and NO(v), also need to 
be considered. 

The data that are critical to such modeling include de
tailed spectroscopic parameters for ozone electronic, vibra
tional. and rotational levels; infrared. visible. and ultraviolet 
transition stengths; electron and photon interaction cross 
sections; and state-to-state rate coefficients for selected spe
cies. With regard to the kinetics data, extensive reviews and 
surveys already exist 1-4 for reactions of stratospheric ozone. 
In this review, we particularize to those species most impor
tant in the mesosphere and thermosphere, i.e., at altitudes 
above 50 km. Thet;e t;pedl;;t; iudUl.1I;;; 

Oep,ID,IS), 

02e2:u-' l.6.g , 12:t ), 

H, OH, H02, N(4S),N2,NO,NOz' 

Reactions involving organic and/or halogenated species are 

not included. Wherever possible, values for the thermal rate 
coefficients are taken from the recommended values of the 
CODATA PaneJl-3 and the NASA report,5 We also include 
processes involving electrons and ionic species, which may 
be of importance in the upper atmosphere. 

In addition to the directly relevant spectroscopic and 
kinetic parameters, we include ancillary data on ozone that 
may be of use to experimentalists planning laboratory mea
surements, or to theoreticians attempting to model spectro
scopic or kinetic behavior of the molecule. These data in
clude molecular properties (dipole, quadrupole, and 
magnetic moments; potential energy surfaces), bulk proper
ties such as vapor pressure, and laser interactions such as 
infrared multiple-photon excitation (IRMPE). 

2. Methodology 
2.1. Li.terature Search 

This review is based on literature published through 
June, 1986, augmented by preprints and unpublished reports 
furnished by numerous investigators. A literature search 
was carried out using previously published surveys,I-3 the 
Molecular Spectroscopy Newsletter published by the Phys
ics and Astronomy departments of the University of Calif or
nia at Berkeley (1963-1986), and the Lockheed Dialog® 
data base system. 

2.2. Units 

As in earlier surveys, II rate data are presented in stan
dardized units of cm3 molecule - I S - 1. Thermal rate coeffi
cients are given in the Arrhenius form, 

ken A exp( Eac,/T), 

with Eac, in units of kelvin ( kcal mol-I / 
1.986 kJ mol- I/8.3I4). Cross sections for photon and 
electron interaction processes are given in units of cm2 

(10- 16 cm2 1 A 2). Spectroscopic term values are given in 
cm- I units (1 cm- I corresponds to 2.997924 58X lOW 
Hz), and transition moments in esu cm (10- 18 esu cm I 
Debye unit = 3.3356X 10-30 C m). 

3. Survey of Spectroscopic Data 
3.1. Vibrational and Rotational Spectroscopy 

This section is concerned with infrared and microwave 
spectroscopy of the ground electronic (IA I) state of ozone. 

3.1.a. Energy Levels 

3.1.a.1. Vibrational Molecular Constants 

VibrMionlll energies are listed in Table 1 for 160 3 and 
180 3 bands which have been studied with better than I-cm- I 

TABLE 1. Vibrational energies (em -I) of 160 3 and 180 3 

VI V2 V3 
160) Reference 180 3 Reference 

0 1 0 700.931 13,28 661.7 12 
0 0 1 1042.084 43 984.6 12 
1 0 0 1103.141 43 1041.9 12 
0 2 0 1399.275 13,28 
0 1 1 1726.528 44 1631.2 12 
1 1 0 1796.261 44 1695.9 12 
0 0 2 2063.55 45 lY4).4 1,2 
1 0 1 2110.785 45 1995.1 12 
2 0 0 2195.50 45 2079.4 12 
0 2 1 2409.5 12 
0 1 2 2725.6 12 2579.5 12 
1 1 1 2785.245 46 2634.3 12 
0 0 3 3046.0 12 2883.2 12 
2 0 1 3185.7 12 3012.6 12 
1 0 2 3084.1 12 
1 2 1 3457.5 12 3271.0 12 
0 3697.1 12 3501.4 12 
2 3849.4 12 

0 40711 17 3814.1 12 
____ ._._M __ . 

J. Phys. Chern. Ref. Data, Vol. 16, No.4, 1987 
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TABLE 2. Vibrational hannonic frequencies, anharmonic constants, and 
Darling-Dennison coupling constant (em -I), from Barbe et al. Ref. 12 

160 3 
180 3 

WI 1134.9 1070.0 
W2 716.0 674.7(5) 

W3 1089.2 1026.5 

XII -4.9 -4.3 

X22 - 1.0" -0.9 

X33 10.6 9.4 

XI' 34.8 31.4 
X 23 17.0 14.8 
x 12 -9.1 7.7 

r 27.0(5) -24.2 

• Value j~ 1.3 fIUUl D"vi ,,( ul. (Ref. 13) . 

resolution. Nearly all of these bands were observed by Barbe 
et al.,12 who derived from them a set of anharmonic con
stants, listed in Table 2. An improved value of X 22 was ob
tahlt:tl by Dcyi et al.13 based on their observation of the 
(0 2 0) band. 

A number of 160 3 higher-lying vibrational states have 
been observed under lower resolution. as listed in Table 3. 
Here, V3 hot bands observed in emission from recombining 
ozone by Rawlins and Armstrong9 lead to approximate val
ues for the (004) and (00 5) state energies. Agreement with 
a calculation 14 based on the Barbe anharmonic constants I 2 is 
within experimental uncertainty. The (005) band may also 
be present in a recent long-path Fourier transform infrared 
(FTIR) spectrum by Damon et al. 15 

High-lying V2 0 "bands" having considerable VI andl 
or V3 excitation have been observed under low resolution in 
the ultraviolet resonance Ram!!n spectrum hy Tmre pt n/. 16 

Their energies and assignments are reproduced in Table 3 
along with calculated energies. Several authors (Levine and 
co-workers17

•
18 and Lehmannl9

) have incorporated the Ra
man bands in determining new anharmonic constants ap
propriate for high vibrational energies. However, it should 

TABLE 3. High-lying vibrational energies (em-I) for 160 3 

VI V2 V3 Observed' Reference Calculated 

3 0 0 3294± 5 20 3291 
0 0 4 3998 ± 3 9 4000 

401O..L 5 20 
2 0 2 (4136) 16 4142 
4 0 0 4370± 5 20 4372 
0 0 5 4914±6 9 4919 
1 0 4 (4913) 16 4934 
3 0 2 (5145) 16 5179 
5 0 0 (5435) 16 5444 
0 0 6 (5735) 16 5797 
2 0 4 (5962) 20 5989 
4 0 2 ( 6187) 16 6219 
6 0 0 (6497) 16 6506 
3 0 4 (6897) 16 6939 
5 0 2 (7207) 16 7244 
7 0 0 (7523) 16 7560 

a Parentheses denote approximate center of cluster in Raman spectrum 
(Ref. 16). 

J. Phys. Chern. Ref. Data, Vol. 16, No.4, 1987 

TABLE 4. Vibrational energies ot" mixed ozone Isotopes (em -. ) 

VI v2 v, 180160180 160180160 160160180 180180160 Reference 

0 0 1 1019.1 1008.453 1028.112 994.0 12,36,37 
1 0 0 1074.308 1090.354 36,37 
0 1 1 1671.2 1695.4 1656.8 12 
1 0 1 2060.1 2049.3 2090.0 2027.5 12 
1 1 1 2703.4 2718.1 2748.5 2680.5 12 
0 0 3 2980.3 2998.8 2903.0 12 

be noted that the assignment ofthese low-resolution Raman 
bands is ambiguous, as they are generally fuuml to consist of 

clusters of individual vibrational bands under higher resolu
tion.20 These individual vibrational bands may be near-reso
nant mixtures of the nominal assignment (v2 = 0) and near
by v2-excited states. In a few cases the assignment is 
unambiguous, as in the case of the (004) band which agrees 
well with the observation by Rawlins and Armstrong.9 

Finally, mixed isotopic ozone bands have been observed 
by several authors, and their energies are given in Table 4. 
The shifts relative to the normal isotope agree well with the 
calculations of" Hykov et al.zl

,22 

3.108.2. Rotation and Vibration-Rotation Molecular Constants 

Due to the large number of rotation and vibration-rota
tion molecular constants and their dependence on the choice 
of Hamiltonian, the reader should consult the individual ro
tational and vibrational bands listed in following subsec
tions. Values of the rotational constants A, B, and C for var
ious vibrational states are summarized in Table 5. Their 
vibrational dependence may be expressed via the a param
eters, given by Barbe et al. 12 using rotational constants from 
previous microwave spectra. 

3.l.b. Line and Band Intensities 

3.1.b.1. Vibrational Band Intensities, Transition Dipole Moments 

Because Coriolis coupling mixes rotational lines of dif
ferent vibrational states, vibrational band intensities have 

TABLE 5. Rotational constants A, B, C (em -I) for 160 3 vibrational states 

v. ". 1>, A R C Reference 

0 0 0 3.553666 0.4452832 0.3947518 26,48 
0 0 0 3.553666 0.4452767 0.3947582 49 
0 1 0 3.607094 0.4440219 0.3924393 48 
0 1 0 3.607130 0.4440166 0.3924460 28 
0 0 1 3.500553 0.4412969 0.3911578 26 
I 0 0 3.556695 0.4427346 0.3924088 26 
0 2 0 3.662409 0.4427449 0.3900725 13 
0 2 0 3.662313 0.4427474 0.390078 28 
0 1 I 3.55228 0.439895 0.388645 44 
1 1 0 3.610736 0.441450 0.3901407 44 
2 0 0 3.559538 0.440043 0.38948 45 
1 0 1 3.501970 0.4385707 0.388543 45 
0 0 2 3.449019 0.437486 0.38819 45 

1 3.5520 0.43686 0.38458 46 
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Table 6. Vibrational band intensities (fo-(v)dv in units of 10-20 cm2 cm -I] and transition dipole moment absolute values (D = 10-18 esu cm) 

vibrational 
Transition 

Band Intensitya Dipole 

V 2 71 ±7 0.049 

V3 1524 40 0.187 

VI 12 ±4 0.016 

v 2 +V3 

V, +v, 

2V3 5.8 ± 1 0.0082 

VI +v3 129 ± 13 0.0383 

2vI 0.3 ± 0.01 0.0019 

VI +V2 + V3 3.3 ± 0.3 0.0053 
3V3 

2vI + V3 

a Low-temperature limit. 

only an approximate meaning at a nonzero temperature. 
Band intensities at 298 K are given in Table 6 based on low
resolution spectra, with a partitioning of intensity between 
Coriolis-resonating states generally consistent with McCaa 
and Shaw.23 In the low-temperature limit the band intensi
ties are pure vibrational, and are simply related to the transi
tion dipole moments (also in Table 6) determined from de
tailed analysis of high-resolution spectra. The pure 
vibrational intensity for VI has been revised downward from 
previous estimates (Flaud et ai.,24 Clough and Kneizys25) 
on the basis of a refined analysis by Pickett et ai.26 

Pure vibrational band intensities have also been calcu
lated from an ab initio dipole moment function by Adler
Golden et al.,27 who present results for many hot han(h: for 
which accurate experimental data are unavailable. Their re
sults have been renormalized to the correct cold band inten
sities, and are given in Table 7. 

There is some debate regarding the temperature at 
which the V2 band intensity measurement of McCaa and 
Shaw23 was made. Goldman et aU8 believe it to be 273 K, 
nul 298 K, amI therefure infer a slightly smaller v2 band 
strength compared to those given in Table 6. 

TABLE 7. Theoretical pure vibrational hot band strengths, Boltzmann fac· 
tor excluded [Reference 27 results were renormalized to agree with experi
lUcllLal (Tablc 6) cold band strcllgLhs.] 

Transition fo-(v)dvX cm2 cm 1 

2v2 v2 142 

v2 + V3 - V3 69 
V2 +VI -VI 65 
V2 +v3 v 2 1470 
2V3 - V3 2785 
VI +v3 -VI 1361 
VI +v2 -V2 8.5 
VI + V3 - V3 8.9 
2vl -vl 31 
VI + Vz + V3 - V z 122 

VI + 2V3 - V3 224 

2vI + V3 VI 220 
?v t -v:3 167 

Intensity 
Reference at 298 K Reference 

23,27 71 ±7 23,27 
24,50 1484 ± 40 50,51 
26 41 ±4 23 

6.0±0.6 23,27 
2.4+0.2 23.27 

24,27 
24,27 130± 13 23 
24,27 
27,46 2.7 ± 0.3 23 

12 ± 1 23,27 
1.3 ± 0.1 23,27 

3.1.b.2. Vibration-Rotation Line Intensities 

Vibration-rotation line intensities are given in the refer
ences for the individual vibrational bands, which are dis
cussed in Sec. 3.1.e. 

3.1.c. Dipole Moment and Derivatives 

The permanent dipole moment has been determined 
very accurately by Mack and Muenter9 for the (000) and 
(0 1 0) states, and appears in Table 8 [a similar value for 
(0 0 0) was found by Meerts et al.30

]. The vibrational de
pendence is quite close to that predicted by ab initio calcula
tions (Adler-Golden et ai.27 ). 

Dipole moment derivatives with respect to internal co
ordinates have been calculated by Carney et al. 31 using vIbra
tional band intensities which are slightly different from the 
values in Table 6. Somewhat improved values could be ob
tained by using more accurate band intensities, and by in
cluding higher-order derivatives. A fairly accurate ab initio 
dipole moment function is given by Adler-Golden et ai.27, 
who report linear and higher-order derivatives with respect 
to both internal and normal coordinates. Normal coordinate 
dipole moment expansions for different matrix element sign 
assumptions have also been derived by Voitsekhovskaya et 
al.32 using perturbation theory. 

3.1.d. Linewidths 

Vibrational and rotational linewidths have been mea
sured by various authors. The studies are summarized in 
Table 9, which lists average linewidth parameters r fdr 

TABLE 8. Dipole moment and derivatives 

Parameter 

p.(OOO) 
p.(01O) 
ap-xlar 
ap.x/ae 
ap.y/ar 

a 1 D= 10- 18 esu Cm. 

Value 

0.5337 
0.5261 
0.76 
0.74 
2.60 

Units' 

D 
D 
D/A. 
D/rad 
D/A 

Reference 

29 
29 
31 
31 
31 
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TABLE 9. 160 3 line broadening studies 

Year Reference Comments 

1986 52 f N,' f 0, in millimeter region, T = 195-320 K. 
fo, -20%-30% below theory, fN, in excellent agree-
ment 

1985 33 Theoretical (OFf-ID) temperature dependence 
of YN, (- T - "); average n 0.76 for air 

1985 34 Theory (QFf-ID) in excellent agreement with obser-
vations; fair/YN, -0.95; Y nearly independent of vi-
brational quanta 

1985 35 Theoretical (QFf-ID) YN, for all rotational lines; 
0.06SySO.08 cm-I/atm; no difference between A 
and B type transitions 

1983-84 53,54 fN" fo" fo, in millimeter region, 
T = 245-295 K. f- T - n, n = 0.65-1.2 

1983 55 fN, in V3 band for 156 lines, comparison with ATC 
theory 

1983 56 ro, in v, + v, band, T= 171_796 K. 

y-T -n, n 1.3 ± 0.2 
1982 57 fo, in VI + V 2 + V3 and VI + V3 bands; 

YN, -0.07 cm-l/atm, YO'/YN, -0.8 in VI + V3 band 
1982 58 Average rai, -0.074 cm-I/atm in YI, Y3 

1982 59,60 Average fair -0.077 cm-I/atm in VI' 
-0.083 cm- 1/atm in V3 

hroae!ening hy N z, 0Z' air, ane! ozone. These average values 
must be used cautiously, as there is significant dependence 
on the J and Ka quantum numbers. The articles by Gamache 
and co-workers33-

35 provide an excellent survey of the mea
surements, as well as state-of-the-art calculations using 
QFT-ID (Quantum Fourier Transform with Improved Dy
namics) theory, which yields -5% agreement with mea
SUrt:u N 2-bruaut:nt:u liut:wiuths. Tht:y fiuu t:ssentially no ut:
pendence of linewidth on vibrational state or on type of 
vibrational transition (A or B). Measurements indicate that 
the temperature dependence of r is given approximately by 
T -N, where 0.6 <N < 1.3. 

Measurements of ozone self-broadening are relatively 
sparse (see Refs. 53, 54, 57, and 60). 

3.1.e. Individual Vibrational Bands 

High-resolution vibration-rotation spectra have been 
obtained and carefully analyzed for the Vj> V 2, V 3• V J + V 2, 

v2 + v3' VI + V3' 2V3' 2vl • and VI + V2 + V3 bands. The most 
recent studies are summarized in Table 10. The spectra in
clude hot bands [especially those originating from (0 10)] 
as well as isotopic bands of 170 and 180 species. A number of 
compilations of ozone line parameters are available, includ
ing the AFGL,61.62 JPL,63 and GEISA 64 data bases. 

3.1.f. Rotational Spectrum 

Thc most rcccnt high-rcsolution studies of the rota

tional (microwave-millimeter wave) spectrum are summar
ized in Table II. These studies include isotopic species and 
excited vibrational states [(l 0 0), (0 1 0). and (0 0 1) 1. 
Although these spectra provide the most accurate rotational 
constants, excellent results have also been obtained from the 
high-resolution vibrational spectra listed in Table 10. 
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TABLE 10. High-resolution vibrational band studies 

Band(s) Reference Year Comments 

V t ,V3 26 1985 Analysis of IR and microwave 
spectra 

VI' v) 43 1981 Analysis of atmospheric spectra 

VI'V) 65 1981 Line positions from laser hetero-
dyne spectrum 

V 1,V3 66 1981 Line positions from laser hetero-
dyne spectrum 

V3 67 1979 Line positions from diode laser 
spectrum 

V3 68 1977 Analysis of IR and microwave 
spectra 

V2 28 1982 Analysis of atmospheric spectra 
V 2 48 1978 Analysis of IR and microwave 

spectra 
V2 + V 3,VI + V2 44 1979 Analysis of laboratory spectra 

VI +v3 57 1982 Linewidths and absolute intensi-
ties 

2v3,vI + v3,2vI 45 1980 Analysis of laboratory spectra 

VI + V2+ V 3 46 1983 Analysis of laboratory spectra 

VI +V2+ V 3 57 1982 Linewidth and absolute intensi-
t;,._< 

2V2 V2 28 1982 Analysis of atmospheric spectra 
2V2 - V2 13 1979 Analysis oflaser spectrum 
V 2 + V3 - v 2 43 1981 Analysis of atmospheric spectra 
V 2 +v3 -V2 48 1978 Analysis of laboratory spectra 
V3 ctSOjso.oP'" ) 47 1985 Isotopic abundance measured in 

atmospheric spectra 
V I ,V3 ( 18Oi,otopes) 36,37 1986 Analysis of laboratory spectra 

An excellent compilatiull anu analysis uf uzunt: milau
wave spectra data prior to 1978 is given by Lovas.38 

3.1.a. Stark and Zeeman Properties 

Stark and Zeeman properties, including quadrupole 
moment components, have been determined accurately by 
Mack and Muenter,29 and are given in Table 12. 

3.1.h. Force Constants and Potential Energy Surface 

Harmonic, cubic, and quartic force constants in both 
normal and internal coordinates have been derived by Barbe 
et al. 12 and Hennig and Strey39 from the observed anhar
monic constants (see Table 2) using standard second-order 

TABLE 1 L High-resolution pure rotational spectral analyses 

Wavelength Isotope(s) and 
Year region Reference vibrational state(s) 

1985 millimeter 69 18OV2 

1985 microwave 26 160, ground, Vt>V3 

1984 millimeter and 49 160, ground 
submillimeter 

1983 microwave 70 170 ground 
1978 microwave 38 180 ground 

160 3 ground, Vt>V2,V3 

1978 microwave 48 160, Vz 

1977 microwave 71,72 "u ground 
160, ground 

1977 microwave 68 160, v, and Yo 
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TABLE 12. Stark and Zeeman properties. from Mack and Muenter (Ref. 29) 

Property Symbol Value Units' 
---------------- .. _- .. '-----_._". _ .. , .. 

Polarizability anisotropies 

Rotational magnetic moments 

Magnetic susceptibility anisotropies 

Quadrupole moment components 

, 1 esu cm2 = 3.335 64 X 10- 14 C m2
• 

gee 
Xaa - Xbb 

. X,a - X<c 
O,a 
ebb 

rI" 

TABLE 13. Normal coordinate force constants (em -I) for 160 3 and 18°3" 

from Hennig and Strey (Ref. 39) 

160 3 
180 3 

¢111 228.44 -264.00 

¢112 59.02 54.02 
¢1l2 50.96 -46.64 
¢133 -452.27 - 413.95 
tfJ212 114.~6 1U:'J.:tl. 

¢233 - 119.04 108.95 

<PIlIl 53.39 47.44 

<PI 122 -6.62 - 5.89 

<P, 13) 111.15 98.78 

<P2222 15.38 13.67 

tP2233 22.90 20.35 

tP3333 161.01 143.08 

TABLE 14. Internal coordinate force constants 

Hennig and 
Force constant Units Strey· 

h, mdyn 61.164(3 ) 

1,,,, mdynA-I 1.603(3) 

1m mdyn 0.511 (3) 

laa mdynA 2.102(1) 

h" mdynA-2 - 54.924(85) 

fr,,,, mdynA-2 2.586(56) 

h", mdynA-1 - 3.174(30) 

I,,,,a mdynA-I - 1.290(30) 

Ira" mdyn - 3.937(24) 

faaa mdynA 3.794(3) 

/,,.,.r mdynA-3 397.0(6.1) 

1m'" mdynA-3 77.5(5.7) 

1m" mdynA-2 =0 

!"rr'r' 
mdynA-3 74.0(5.7) 

!,."'a mdynA-2 =0 

fnaa mdynA-l - 32.4(2.5) 

/,raa mdynA-' 31.9(2.5) 

imaa mdyn =0 

faaaa mdynA 33.8(2.4 ) 

• Reference 39. 

2.S2( 1) 

2.63(4) 
2.98933(8) 

- 0.22919(3) 
0.07623(6) 

5.91 (2) 
12.05(4) 

- 1.4(2) X 10-26 

- 0.7(2) X 10-26 

?.In)Xl0- 26 

kHz/kg2 

kHz/kg2 

esu cm2 

esu cm2 

P:!Il.lI r.m 2 

perturbation theory. They obtained essentially identical re
sults, given in Tables 13 and 14. The harmonic and cubic 
force constants should be very accurate. However, the qua
dratic force constants were derived under the standard, but 
somewhat arbitrary, assumption that frrra 

= /"aaa O. 
An alternative set of force constants may be derived 

from a Sorbic-Murrell potential surface fitted directly to vi

brational band centers; this type of surface forces the proper 
dissociation behavior. The most recent of these surfaces, by 
Carter et al.,40 yields significantly different quartic force 
constants. Although we feel that the standard quartic force 
constants are preferable, the perturbation theory used to de
rive them has inherent problems at large vibrational ampli
tudes which the Sorbie-Murrell approach overcomes. 

Potential energy functions are useful for dynamical 
studies (e.g., vibrational and rotational relaxation, reaction, 
funnatiun, lUlU uhs:sudatiuu), anu fUI pr~llil;till!;; higlll:a-ul
d.er spectroscopic constants. Sorbie-Murrell-type potential 
functions, as given for example by Carter et al.40 and Varan~ 
das and MurreIl,41 are designed for global accuracy and be
have properly towards dissociation. However, potential 
functions which employ the Barbe or Hennig-Strey force 
constants, such as those derived using Simons-Parr-Finlan 
or Morse oscillator expansion variables (Carney and co
workers,27,42) are probably more accurate at lower energies. 
All of these potential functions give reasonable agreement 
(several em-I) with observed vibrational band centers. 

3.2. Electronic Spectroscopy 

This section is concerned with ozone's near-mfrared, 
visible and ultraviolet spectra; i.e., transitions between the 
ground vibrational, ground electronic state and an electroni
cally excited state. Spectra involving transitions between or 
within excited states, i.e., IR spectra of electronically excited 
ozone or ultraviolet spectra of vibrationally or electronically 
excited ozone, are mainly dealt with in Sec. 3.3. 

3.2.a. Excited Electronic States of Ozone 

Vertical and adiabatic excitation energies of excited 
electronic states of ozone are available from a number of ab 
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TABLE 15. Energies of excited electronic states of ozone below 5 e V 

Vertical AE(eV) Adiabatic (C 2 ,) AE(eV) 

State Expt. Calc. Calc. 
Cz, Cs (eV) (eV) Rer. Method" (eV) Ref. Method 

13B, 13A' 1.50 74 POL-CI 0.92 74 POL-CI 
1.20 73 MRD-CI (0.62) see text 
1.21 75 MCSCF/CI 0.74 75 MCSCF/CI 

13A 1 13A" 2.12 74 POL-CI 1.35 74 POL-CI 
1.44 73 MRD-CI (0.67) see text 

IIA2 IIA" 2.34 74 POL-CI-R 1.66 74 POL-CI-R 
-1.6 1.59 73 MRD-CI (0.91) see text 

13BI 23A" 2.01 74 POL-CI-R 1.74 74 POL-CI-R 
1.59 73 MRD-CI ( 1.32) see text 

IIBI 21A" 2.41 74 POL-CI-R 2.06 74 POL-CI-R 
2.1 1.95 73 MRD-CI ( 1.60) see text 

23B2 23A' 4.17 74 POL-CI-R 2.92 74 POL-CI-R 
3.27 73 MRD-CI (2.02) see text 

2lA] 21....1' 4.58 74 POLCI-R see below 
3.60 73 MRD-CI 

liB, 31A' 6.12 74 POL-CI-R 5.54 74 POL-CI-R 
4.9 4.97 73 MRD-CI ( 4.39) see text 

---_ .... 

• See Refs. 73-75 for details of computational methods. [Note: lA 1(D3h ): -0.5 eV (Ref. 83),0.9 eV (Ref. 154), 1.1 eV (Ref. 155), 1.3 eV (Ref. 74).J 

initio calculations. table 15 summarizes the results of the 
most recent and reliable calculations on states below 5 eV. 
Experimental vertical .excitation energies are available for 
the 1iA2, liB!> and I1B2 states giving rise to the Wulf, Chap
puis and Hartley absorption bands, and are also given in the 
table. They agree extremely well with the calculation of 
Thunemann er al.73 which used energy extrapolation. The 
adiabatic excitation energies shown in parentheses were 
computed by combining Thunemann's vertical energies with 
the adiabatic-vertical energy difference calculated by Hay 
and Dunning.74 This procedure gives good agreement,. with 
the calculation of Wilson and Hopper 75 for the 13 B2 adiaba
tic energy, as well as sensible values for the 11A2' liB), and 
I) B2 states. Error limits on the vertical energies are probably 
0.2 eV or better. Error limits on the adiabatic energies may 
be considerably larger where the geometry change is sub
stantial. This is particularly true for the "ring" (D 3h ) state, 
for which a reasonable selection of calculations yields the 
range 0.5-1.3 e V (see note at bottom of Table 15). 

Equilibrium geometries and vibrational frequencies for 
the states enumerated in Table 15 have been predicted by 
Hay and Dunning74 and, for the 13B2 state, by Wilson and 
Hopper.75 Unfortunately, the Chappuis and Hartley bands 
are continuous, precluding a definitive analysis of frequen
cies and geometries. The Huggins bands are discrete (al
though slightly diffuse), but as discussed below have not yet 
been fully analyzed taking into consideration recent fluores
cence data (Sinha et af.16) and vibrational assignments (Ka
tayama77

). The new data and assignments imply a Cs equi
librium geometry for the IB2 state at an energy of3.36 eV, in 
qualitative agreement with the calculations of Hay and co
workers.74•78,79 

A crucial question for atmospheric chemistry is, which 
excited states of ozone are bound, and what are their adiaba
tic energies? It seems clear that the triplet state 13 B2 is bound 
and lies below the 0 + O2 dissociation limit (1.1 eV). Evi-
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dence for one or more triplets is found in the electron energy 
loss spectra of Swanson and Celotta,80,81 which show a blend 
of features near the predicted vertical excitation energies of 
13 B2, 13 Az, and P B I' At the present time we know of no 
other direct spectroscopic evidence for the 3 B2 state. 

A second frequently mentioned candidate for a bound 
excited ~talt: uf Ul:um: i:s tht: 'A I "ling" (D 3h ) state, which 
correlates adiabatically with the ground state. As mentioned 
above, the energy of this state is highly uncertain; discus
sions may be found in Jones,82 Rurton83 and the other ~tndje~ 

mentioned in Table 15. If both the ring state and the barrier 
between it and the C 2" equilibrium geometry lie below the 
o + O2 dissociation limit, the ring state could be an impor
tant intermediate in ozone recombination and thermal de
composition. However, the current consensus of ab initio 
theory is that the barrier lies considerably above the 0 + O2 

limit, even if one adopts a ring state energy in the low end of 
the range of estimates. 

The adiabatic energy estimates in parentheses, which 
were obtained by combining the studies ofThunemann at aJ. 

and Hay and Dunning, suggest that two additional states, 
13 A2 and l1A2' may also be bound relative to the 0 + O2 

limit. Indeed, the 13 Az state may lie quite close in energy to 
13B2 • The 11A2 state is identified with the Wulf bands, as 
discussed below. 

Turning now to somewhat less speculative matters, the 
remainder of this section is organized around ozone's ob
served spectra. 

3.2.b. Wulf Bands 

Using a long ozone column, Wulj:fl4 in 1930 observed 
weak. diffuse near infrared absorption band fitting the for
mula v (em-I) = 10000 + 566.7n, n = 0-9. Several of 
these bands also appear in Griggs' 1968 Chappuis spec
trum85 as weak oscillations on the red Chappuis wing, ex-
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tending to the longest observed wavelength, 850 nrn. To our 
knowledge Griggs' is the only published spectrum obtained 
by a photoelectric (as opposed to photographic) technique. 

Consistent with Hay and Goddard86 we interpret the 
Wulf bands as the vibrationally allowed (for asymmetric 
stretching motion) transition to the IlA2 state. The elec
tronic origin is probably close to 1.1 eV since the lowest 
energy cold band (1.24 eV) should be (00 1 )-(0 0 0) rather 
than (000)-(000). The adiabatic energy of 0.9 eV estimat
ed in Table 15 is in reasonable agreement with this interpre
tation. Furthermore, the observed band spacing of 566.7 
cm -I agrees well with Hay and Dunning's predicted bend
ing frequency of 537 cm -I (Ref. 74) and the length of the 
progression is consistent with their prediction of a consider
able change in angle compared to the ground state. 

3.2.c. Chappuis Bands 

The weak, diffuse Chappuis absorption bands are cen
tered in the red region. The most recent measurements are by 
Inn and Tanaka87 tabulated elsewhere,88 Vigroux,89 and 
GriggS.85 Inn and Tanaka's cross sections are up to 10% 
smaller than those ofVigroux and Griggs, which are consis
tent with each other and with the 577 nm mercury line mea
surement by Hearn.90 Vigroux's values are reproduced in 
Tahle Hi. Tnterestingly, according to Shaw9l the smaller 
cross sections of Inn and Tanaka give better agreement 
between visible and ultraviolet determinations of atmo
spheric ozone. An explanation of this inconsistency would 
clearly be desirable. 

The temperature dependence of the Chappuis bands 
shows contradictions between different studies prior to 
1948, as discussed by Vassy and Vassy.92 Later, Vigrouxll9 

found almost no temperature dependence of the cross sec
tion from - 92 to + 80 ·C. 

Theoretical calculations assign the Chappuis bands to 
the llBI state, which according to Hay and Dunning74 has a 
similar angle and longer bond than the ground state. The 
observed band spacing of ~ 1000 cm - 1 (Ref. 84) is some
what larger than Hay and Dunning's predicted stretching 
frequency of 965 cm - I. 

As expected for diffuse bands, dissociation appears to 
occur with unit efficiency, leading exclusively to ground 
state 0 and O2 products, as found by Castellano and Schu
macher93 and more recently by Tkachenko at al. 94 However, 
McGrath et a1.95

•
96 reported an ultraviolet absorption tran

sient following Chappuis band irradiation which they 
ascribe to direct formation of stable electronically excited 
eA2 ) ozone. 

More recently, Chappuis band photodissociation has 
been studied by Moore, Bomse and Valentini97.98 and Fair
child et al.99 using molecular beam techniques, leading to a 
detailed characterization of the product O2 vibrational and 
rotational state distribution. 

The gas phase Raman spectrum in the Chappuis region 
has been reported by Selig and Claassen. 100 An absolute Ra
man cross section at 500 nm for the VI Q-branch is cited as 
1.8XiO-29 cm2 by Cooney.IOI A resonantly enhanced co
herent anti-Stokes Raman spectrum of VI has also been ob- . 
served. 102 

3.2.d. Huggins and Hartley Bands 

3.2.d.1. Assignments and AnalysiS 

The somewhat diffuse Huggins bands occur in the ul
haviolet n;;gion around 370-300 IlIIl. U:sing i:sutupic :sub:sti-

TABLE 16. Chappuis band cross sections from Vigroux (Ref. 89) 

..1 (nm) 0-( 10-22 cm2) ..1 (nm) u( 10-22 cm2 ) ..1 (nm) 0-( 10-22 01112 ) ,t(nm) 0-( 10-22 cm2 ) 

451.6 2.00 546.1 31.0 618.0 40.7 716.8 7.41 
455.1 1.94 548.7 31.5 619.1 38.6 720.7 6.51 
458.5 3.09 ~51.2 32.4 622.0 37.9 726.4 5.70 
462.0 4.27 553.8 32.9 625.6 36.2 732.8 5.01 
466.7 3.38 556.4 34.8 629.3 34.3 739.2 3.98 
471.0 4.42 559.0 37.1 633.5 32.6 
473.1 4.17 561.7 41.4 634.9 31.4 
477.0 5.70 564.3 42.8 637.6 30.4 
483.1 8.91 567.0 44.4 641.8 28.4 
487.4 7.91 569.8 46.2 645.8 26.S 
488.8 8.2 573.5 47.3 648.6 24.8 
492.8 8.57 575.4 47.9 650.0 20.2 
496.9 9.34 578.3 47.1 654.4 23.0 
501.2 13.6 581.2 44.9 663.4 19.8 
506.0 17.2 584.2 43.8 668.1 18.4 
510.5 15.7 587.2 43.3 G72.7 IG.O 

511.8 15.4 590.3 44.1 677.7 14.4 
514.8 15.9 593.4 44.8 682.8 12.9 
519.6 17.5 596.8 47.6 687.6 11.8 
524.5 20.6 601.9 50.9 692.5 10.8 
529.6 25.7 603.6 50.0 698.1 9.51 
534.0 27.8 607.5 48.1 703.6 8.S7 
536.5 27.3 610.8 45.2 708.9 7.93 
540.5 29.S 614.3 42.4 712.2 7.71 
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tution, Katayama77
,lo3 established the definitive vibrational 

assignments, and inferred an origin (which is not observ
able) of 368.7 nm. 

An interesting feature of the Huggins bands is the ap
pearance of odd quanta in all three vibrationfl.l progressions, 
which is. at first surprising in view of the malec-ule's r: 2" sym
metry which forbids odd V3 Franck-Condon factors. Odd V3 

hot bands also appear with surprising strength in the room
temperature spectrum. Brand et af.104 suggested vibronic 
coupling as the cause of V3 activity, and derived an upper 
state geometry of R = 1.36 A, B = 102° from a C 2v Franck
Condon analysis using the (pre-Katayama) spectrum and 
assignments of Simons et af.105 

Brand et al.'s interpretation is challenged by the recent 
laser fluorescence spectrum of Sinha et al. 76 obtained in a 
supersonic beam. which cooled the ozone sufficiently to 
yield partially resolved rotational structure. Interpretation 
of this structure is consistent with a Cs rather than a C 20 

upper state. Indeed, ab initio calculations by Hay and co
workers74.70.79 predict that the IH2 state on which the Hart-
ley continuum terminates has shallow Cs wells in the exit 
channels. The fluorescence spectrum yields upper state rota
tionalconstantsofA - 2.1 ± 0.4cm- 1 andR = 0.45 ± 0.01 
em -1, compatible with a bond angle of less than 106°. A 
preliminary Cs Franck-Condon analysis of the Huggins 
bands 106 suggests an angle of about 99°, and assigns VI and V3 

as local stretching modes of the long and short bonds, re
spectively. 

The Huggins band structure washes out towards short 
wavelengths, and is replaced by the Hartley continuum, 
which peaks around 255 nm. Some residual structure re
mains at these wavelengths, which appears to be a continu
ation of the Huggins structure. The shape of the Hartley 
continuum, which arises from the IB7, state, has been.mod
e1ed by Adler-Golden,107 Hay et al.,78 Sheppard and Walk
er,79 and Atabek et al., 108 and is shown to derive mainly from 
a symmetric stretchtng progression. The continuum nature 
arises from broadening of the vibrational lines via dissocia
tion along the asymmetric stretching mode, which is a sym
metric harrier. This interpretation was predicted by ah initio 
calculations (Devaquet and Ryan, 109 Hay and eo
workers74

•
78 ) and is confirmed by the resonance Raman 

spectrum (Imre et al. 16
). A recent discussion of the Raman 

spectrum may be found in Atabek et al. lOS 

3.2.d.2. Absorption Cross Sections 

The Hllggin~ and Hartl~y hand cro~~ sections are very 
important for atmospheric modeling. Among earlier studies 
the most reiiable seems to be Inn and Tanaka's.s7.88 Al
though their resolution is rather low, it is sufficient for many 
atmospheric modeling purposes, and their cross-section val
ues below - 250 nm have been utilized in the WMO/NASA 
recommendations.5 

Recently, higher-resolution spectra have been ob
tained, e.g., by Bass and Paur ll

O-
112 and Molina and Mo

Iina1l4 at and below room temperature, and by Freeman et 
al.115 at 195 K. Bass and Paur's measurements were relative, 
and have been provisionally p1aced on an absolute basis by 
normalizing to the 253. 7-nm mercury line cross-section val
ue measured by Heam.90 The resulting.cross-section values 
have been adopted III the WMO/ NASA report.s ¥reeman et 
af.'s measurements 115 have the highest resolution of a11, but 
required normalization at several different wavelengths, 
which was accomplished using Hearn's mercury wavelength 

values. 
Absolute ozone cross sections at mercury wavelengths 

are given in Table 17. It is seen that excellent agreement 
exists between the measurements of Hearn, the average val
ues from Brion's surveyll7 and recent absolute measure
ments by Freeman et a1. 118 Bass and Paur's most recent rela
tive measurements III are also in excellent agreement at most 
wavelengths, especially if one normalizes them to the 
253.7-nm cross-section value obtained very recently by 
Mauersberger et al.,113 113.7X 10-19 cm2

, which is 1% 
smaller than Hearn's. Molina and Molina's results are 
around 2%-4% higher than typical Table 17 values, but are 
in excellent relative agreement. Another recent set of mea
surements deserving mention are those of Brion et al. 111') at a 
more limited number of wavelengths. They appear to be 
2%-3% too small, but they are in excellent relative agree
ment with the other measurements. In summary, it appellrs 
that both the relative and absolute ultraviolet a.bsorption 
cross sections of ozone are now known to an accuracy of 

TABLE 17. Room-temperature absorption cross sections at mercury wavelengths (10~ 19 cm2 ) 

A(nm) 

253.7 
289.4 
296.7 
302.2 
334.2 

• Reference 117. 
b Reference 90. 
C Reference 118. 
d Reference 11 L 
eReference 113. 

Brion et at. a 

survey average 

114.3 ± 1.0 
14.76 ± 0.22 
5.92 ± 0.11 
2.87 ± V.OI 

0.0439 ± 0.0017 
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Hearn" 

114.7 ± 2.4 
14.7 ± 0.3 
5.971 ± 0.026 
·L.8tl ±O.011 
0.0427 ± 0.0006 

Freeman et al. C 

14.9 
5.97 
2.!:11 
0.0437 

Bass and Paur,d 
normalized to 
Mauersbergere 

114 
14.8 
5.95 
2.M7 
0.0437 
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FIG. l.Temperature dependence of mercury line cross sections. 

typically - 2 % or better at room temperature. 
The temperature dependence of the Huggins and Hart

ley bands has been measured by Bass and Paur,1IO-112 Si
mons et al.,!05 Brion et al.; 116 and Molina and Molina, 114 
with very good agreement. Results at several mercury wave
lengths obtained by Freeman et al. 115, liS also agree well with 
these studies. At wavelengths above -270 nm, the cross 
section increases with temperature. There is now a consen
sus from both experiment and theory 105. 107 that the cross 
section at 253.7 run decreases slightly with temperature, in 
disagreement with the oft-cited work of Vigroux,89 who 
shows an increase with temperature. As pointed out by Mo
lina and Molina, the temperature effect at 253.7 nm should 
be taken into account in the normalization of the Bass and 
Paur relative measurements. 

Parametrization of the temperature dependence may be 
accomplished using an empirical expression quadratic in 
temperature, as discussed in Refs. 111 and 114. A theoretical 
analysis of the Hartley band temperature dependence has 
been performed by Adler-Gulu~lI, 107 whu proposed a semi
empirical function based on Franck-Condon calculations. 
This function is found to yield an essentially linear depen
dence of cross section on exp( - 1300/T), the Boltzmann 
factor for a vibrational frequency of 900 cm - I, which is close 
to the average of VI' V 2, and v3• Therefore, a plot of 0'( T)/ 
0'(295 K) vs exp( - 1300IT) can facilitate interpolation of 
the cross section at temperatures intermediate between the 
low-temperature (e.g., Freeman 115) and room-temperature 
data. An example of such a plot is Fig. 1. which shows the 
temperature dependence of mercury line cross sections. Ex
cellent linearity as well as consistency to within 1%-2% 
among the measurements (taken from Bass and Paur,111,112 
Simons et a/.,105 Vigroux,89 ..1,::- 290 nrn, and Freeman et 

al. 1I8
) is observed. 

3.2.d.3. Photodissociation Products 

Recent measurements have resolved the issue of the 
product branching ratio in the Huggins and Hartley bands. 
An excellent review of pre-1980 work is given by Moort
gat. 119 In the Hartley continuum the major products are 
U( ID) + 02ca), with a minor contribution from ground 
state products 0 + O2, A number of recent measurements of 
theabsoluteO( ID) branching ratio «I> made in the 248 to 290 
nm region show excellent agreement. The detailed results 
are: «1>(248) = 0.85 ± 0.02 (Ref. 120), 0.91 ± 0.03 (Ref. 
121), 0.94 ± 0.01 (Ref. 122); <1>(254) = 0.92 (Ref. 123); 
4>(266) = 0.88 ± 0.02 (Ref. 124); 4'(270) = 0.92 ± 0.03 
(Ref. 125); 4>(290) = 0.95 ± 0.02 (Ref. 125). There is the 
suggestion of a slight increase in 4' from 270 to 300 nm (see 
Davenport125 and Brock and WatsonI24.126). We recom
mend an average value of 4' = 0.92 for )0 < 290 nm, 

At longer wavelengths where the "falloff" region be
gins, we accept the relative branching ratio measurements of 
Bruck and Watson126 which agree well with the measure
ments ofMoortgat and co-workers. 127-129 Davenport's abso
lute measurements l2S show larger scatter but otherwise are 
consistent with the,,~ "tlldi~". Normalizing Brock and Wat
son's data to <I> = 0.92 at 297.5 nm yields the value 4> = 0.79 
at 308 nm, in excellent agreement with Greenblatt and Wie
senfeld's accurate absolute measurement of 0.79 ± 0.02. 122 

Our preferred «I> values are listed in Table 18. 
The long wavelength tail seen in Brock and Watson's 

work, extending to around 325 nm, was not observed by 
Maortgat et al.,127-129 perhaps due to insufficient sensitivity 
and the need to deconvolve the data for instrumental resolu
tion effects. However, this tail was predicted theoretically by 
Adler-Golden et a1.130 and Hudson,131 and has h~f';n con
firmed experimentally by Martin et ~l., 132 and Wiesenfeld 
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TABLE 18. Recommended values of the OeD) + 02('.6.) branching ratio 
for ozone ultraviolet photolysis 

A(nm) T= 298K T=230K 

0.92 0.92 
299 0.94 0.94 
300 0.96 0.96 
301 0.97 0.97 
302 0.98 0.98 
303 1.00 1.00 
304 1.00 0.98 
305 0.99 0.95 
306 0.94 0.89 
307 0.87 0.76 
308 0.79 0.57 
309 0.67 0.37 
310 0.50 0.23 
311 0.39 0.15 
312 U.JU U.11 
313 0.25 0.08 
314 0.21 0.03 
315 0.21 0.03 
316 O.Zl o.oz 
317 0.18 0.01 
318.5 0.16 0.00 
320 0.12 0.00 
325.5 0.08 0.00 
325 0.05 0.00 

and Trolier. 133 It arises from vibrationally excited ozone, 
which has a large absorption cross section in this wavelength 
region. lO

:>,lU/,UU Direct evidence for the efficient production 
of OeD) in the falloff region by vibrationally excited ozone 
has been provided by Zittel and Little 134 who found a factor 
of -70 enhancement in the O(ID) pioductiull cross sectiun 
at 310 nm following vibrational excitation by CO2 laser irra
diation. Thus, in the upper atmosphere (-100 km), where 
ozone vibrational excitation exceeds thennal Boltzmann 
factors, the OeD) branching ratio would be significantly 
enhanced in the falloff region. 

Below room temperature the O( ID) falloff curve shifts 
to the blue as the result of the reduced ozone internal energy. 
The effect has been studied in detail by Moortgat et al. 129 

The relative branching ratio values of Lin and DeMore135 at 
230 K agree very well with those of Moortgat et ai. ,29 From 
these data a smooth curve nonnalized to coincide with the 
300 K data at the short wavelengths has been derived, and is 
given in Table 18. The effect of temperature on the branch
ing ratio below the falloff region was studied by Daven
port,125 who found it to be negligible. 

An empirical expression for <P as a function of tempera
ture and wavelength has been derived by Moortgat and 
Kudszus. 136 Except in the long wavelength tail region, it 
gives excellent agreement with the Table 18 values. More 
theoretically motivated calculatIOns,'JO,131 although less 
convenient, also reproduce the experimental data quite well. 

Finally, state-specific product characterization has 
been performed in the Hartley continuum using molecular 
beam techniques (for details, see Fairchild et al., 137 Sparks et 
al.,138 ValentinP39). The results have been modeled via tra
jectory calculations by Sheppard and Walker. 79 
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In a recent followup, Valentini et al. 140 explain the ob
served propensity for evenj values in the O2 (1 A) product in 
terms of nuclear exchange symmetry restrictions in the 1/11 
3~ curve crossing. Since these restrictions are absent tor the 
heteronuclear O2 isotopes, an isotope-dependent I A/3~ 
branching ratio results. This isotopic selectivity might be 
respullslble fOI the slight 180 enrichment of ozone seen in the 
stratosphere by Rinsland et al.47 

3.2.e. Vacuum Ultraviolet Absorption, Photoionization and 
Photoelectron Spectra 

Vacuum ultraviolet photoabsorption studies of ozone 
were conducted by Tanaka et al. 141 in the 220-105 nm re
gion, and Ogawa and COOk,142 who extended the region 
down to 52 nm. The spectrum is continuous with various 
broad maxima, with a number of superimposed peaks start
ing around 8 eV. Theoretical aspects are discussed by Thun
emann et al.,73 whose calculated vertical excitation energies 
and assignments agree well with the experimental features. 

In a measurement of neutral photodissocilltion product 
yields in the vacuum ultraviolet, Taherian and Slanger143 

inferred quantum yields of 1.5 for Oep), 0.55 for OeD) 
and a minimum of 0.5 for02 (b I~g+) for photolysis at 157.6 
nm. 

Photoionization and photoelectron spectra of ozone 
have been obtained by a number of workers, including Brun
dle,l44 Dyke et al., 145 Frost et al., 14b Weiss et al., 147 Moseley 
et al., 148 and Katsumata et al. 149 There is some debate on the 
exact value of the adiabatic ionization potential, which is 
given as 12 . .'52 ± 0.004 eV by Weiss et ul. and Moseley et al., 
but as 12.43 eV if one uses the first, very weak vibrational 
band in the photoelectron spectrum of Katsumata et al. and 
Dyke et or We tentatively accept the recommendation of 
Weiss and Moseley, and assign the 12.43 feature as an 0 3 v2 

hot band. The first three vertical ionization transitions con
sist of vibrational progressions centered at approximately 
12.73, 13.00, and 13.54 eV from Katsumata et al., who as
signed these transitions to the 12A" eBz, and 12A2 states of 
0 3+ using photoelectron angular distribution measure
ments. VIbratIOnal frequencies are approximately 640, 1350, 
and 900 cm -1 in these respective transitions. 

Weiss et al. measured product branching ratios in 
ozone photoionization down to 60 nm, finding the major 
process to be the production of 0 3+ . A weak onset for 02+ 
production appears at 13.08 eV, followed by more intense 
production at 13.43 e V. The onset for 0+ formation appears 
at 15.21 eV. When corrected for internal thermal energy of 
0.043 eV, the 02+ production threshold yields an ozone dis
sociation energy of 1.066 ± 0.004 eV, in close agreement 
with calorimetric measurements150 which yield 1.05 ± 0.02 
eV. For data on electron-impact ionization, see Sec. 4.1.m. 

Hiller and Vestal's studies of photodissociation of 0 3+ 
(Kef. 151) and 0 3 (Ref. 152) yield threshold energies 
which are approximately 0.3 eV lower than expected based 
on both the ionization potential of 12.52 eV and the electron 
affinity of 2.1028 ± 0.0025 e V measured via photoelectron 
and photodetachment spectroscopy .153 Hiller and Vestal ra
tionalized this discrepancy by proposing that the measured 
ionization potential and electron affinity are both too low 
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due to the inadvertent preparation of electronically excited 
ozone in the photoelectron and photoionization work. We 
can find no support for this contention, particularly in the 
light of Katsumata et al.'s explanation of the photoelectron 
spectrum, which refutes Hiller and Vestal's proposed reas
signment. Instead, we concur with Moseley et al.'s hypothe
sis that internal excitation of the ozone ions was responsible 
for Hiller and Vestal's unexpected results. 

3.3. Spectroscopy of Vibrationally and Electronically 
Excited Ozone 

The previous sections dealt with transitions involving 
the ground vibrational, ground electronic state of ozone, 
and, in addition, vibrational and rotational hot bands (Sec. 
3.1) and fluorescence/resonance Raman emission from dis
sociative states (Sec. 3.2). This section deals with the re
maining possibilities, i.e., spectra associated with a single, 
metastable electronic state (vibrational or rotational bands) 
in addition to electronic (near-infrared through ultraviolet) 
spectra of vibrationally excited states or metastable elec
tronic states. 

The ultraviolet spectrum (Hartley continuum) of ex
cited vibrational states is now reasonably well understood. 
On the other hand, almost nothing is known about the spec
troscopy of the metastable electronic states of ozone. Despite 
convincing theoretical predictions that one or more elec
tronic states (particularly 13 B2 ) are metastable, and indirect 
experimental evidence (see Sec. 4.1.a of this review) that 

3 3.4 3.8 

they are formed in recombination, there have been no unam
biguous spectral observations of metastable electronic states 
as of the present time. 

3.3.a. Emission Spectra of Excited Electronic States 

Weare aware of only a single observation, by von 
Rosenberg and Trainor, 156 of vibrational features ascribed to 
electronically excited ozone. They reported emission in the 
vicinity of 8 and 6.6 pm accompanying the recombination of 
ozone following flash photolysis of ozone-oxygen mixtures. 
They tentatively ascribed these signals to respectively vibra
tional (v3 ) and electronic emission from the 13 B3 state of 
ozone formed along with the ground state (J AI)' 

The above interpretations present several difficulties. 
One is that vibrational frequencies tend to decrease with the 
binding energy, consistent with Hay and Dunning's ab initio 
study74 which tabulated V 1 and v? for a number of excited 
electronic states including PB2• If this is the case, all three 
fundamental modes of 13 B2 would be at wavelengths beyond 
9 pm. Unfortunately, Wilson and Hoppee5 do not report 
vibrational frequencies in their latest ab mitio work. The dif
ficulty with von Rosenberg and Trainor's interpretation of 
the 6.6-pm feature is that triplet emission to the ground state 
is expected to bc too wcak to bc observable (f-1O- 9 ). 

A more recent study by Rawlins et a[.9·l0 of infrared 
emission following ozone recombination found no unusual 
vibrational features [see Sec. 4.1.a.2.]. 
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3.3.b. Ultraviolet Absorption Spectra of Excited Electronic States 

Several workers studying ozone recombination and ra
diolysis (e.g., Hochanadel et aI.,157 Riley and Cahill l58

) 

have reported absorption features in the vicinity of the Hart
ley continuum which might be attributable to electronically 
excited ozone. Inde~d, Wilson and Hopper75 predict a strong 
~ B2-

j A I transition in the Hartley region. However, more re
cent interpretations and measurements by Bair and co
workers (Kleindienst et al. 159 and Joens et aJ. 160) explain the 
ub~C::lvatiollS as the Hartley continuum of vibrationally ex
cited ozone, discussed in the following subsection. 

McGrath et a1.95
,96 reported a long-lived absorption 

transient at 37D nm following 070np. irrllliilltion in the Chap
puis band. They ascribe this feature to the IA2 state, associat
ed with the nearby Wulfbands. However, the diffuseness of 
the Wulf and Chappuis bands would seem to argue against 
direct photoproduction of stable I A I ozone. 

Although ab initio calculations (Sec. 3.2) can predict 
energies and intensities for electronic transitions between ex
cited states of ozone, none have been published to our know l
edge. This is clearly an important area for further research. 

3.3.c. Ultraviolet Absorption Spectra of Vlbrationally Excited 
States 

Of the observed electronic transitions in ozone the Hug
gins and Hartley bands display distinct components due to 
excited vibrational states. Huggins hot bands are readily 
identifiable in high-resolution spectra, referred to in Sec. 3.2, 
and are particularly noticeable in the figures of Simons et 
al. 105 and of Katayama,?7 who provides vibrational assign
ments. The rather strong temperature dependence in the 
Huggins region results from these hot bands, as well as from 
changes in the rotational contours of the cold bands. 

The shapes of excited vibrational comp~nents of the 
Hartley continuum are of critical importance for the inter
pretation of ultraviolet absorption of ozone recombination 
(see the previous section). These components are now fairly 
well characterized for the single-quantum vibrationalleve1s. 
There is reasonable consistency among theoretical predic
tions (Ad1er-GoldeIJ, 107 Sheppard amI WalkC::l 7<) am.1 Ata1Jc::k 
et al. 108

) and measurements based on laser irradiation (Ad
ler-Golden et al. 130 and McDade and McGrath 161), recom
bination (Bair and co_workers I59,160) and thp.rml'll excita
tion (Simons et al. 105 and Astholz et af.1 62

). Excitation in V 2 

produces only a slight change in the spectrum (mainly a red 
shift), while excitation in VI yields a bimodal shape, and 
excitation in V3 both broadens and red-shifts the spectrum, 
as seen in Fig. 2 (from Adler-Golden's calculation 107). The 
combined VI and V3 components in this figure show particu
larly good agreement with laser excitation data. The V 2 com
ponent appears to have a red shift relative to the (00 0) 
components of around 600 cm- I (Bair and co
workers lO5,IS9,160) somewhat greater than predicted by the
ory (Adler-GoldenI07 and Joens 163). 

4. Survey of Reaction Kinetics Data 
In this section, kinetic data for reactions of ozone with 

each of the species enumerated in the Introduction are pre
sented. For each reaction system considered, the value of the 
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overall rate coefficient as recommended in previous sur
veys 1-5 is given, unless there is clear evidence that this value 
needs to be revised. The enthalpy changes (1:..H~98) from 
Refs. 1-3, augmented with spectroscopic and electron-affin
ity measurements, are included for convenience. Where data 
are available over a range of temperatures, the measure
ment/; arc:: prc::sented as an Arrhenius plot; thc plots have 
been extended to cover the temperature range 170-400 K, of 
interest in upper-atmosphere processes. In each instance, the 
new information which is presented concerns reactant state 
selectivity and product state specificity for each of these re
actions. 

4.1. Reaction Rate Coefftclents 

4.1.a. Ozone Formation by Three-Body Recombination 

0+ O2 + M--+03 + M, I:..H 0 = - to6.3 kJ/mol. 

The three-body recombination of 0 + O2 is the princi
pal ozone-forming reaction at nearly all altitudes in the at
mosphere. (See Sec. 4. Lb., immediately following, for a dis
cussion of possible additional ozone-forming reactions that 
may be of importance in the upper atmosphere.) The princi
pal Questions concerning this reaction are (1) the value of 
the rate coefficient for various third bodies, and (2) the dis
tribution of product vibrational (and possibly electronic) 
states. 

4.1.a.1. Termolecular Rate Coefficient 

M = 02: The recommended value3 over the range 200-
300 Kb 6.2X 10-14 (T 1300)-2.0 cm6 moleculc- 2 S-I (sec 

Fig. 3); the value at 298 K is 6.3 X to- 34
• 

M = Nz: The recommended value3 over the range 200-
300 K is 5.7 X 10-34 (T 1300) -28 cm6 molecule- 2 S-I (see 
Fig. 3); the value at 298 K is 5.8X 10-34

• 

M =Ar: The recommended value2 over the range 200-
300Kis3.9Xto-34 (TI300)-1.9 cm6 molecule- 2 s- 1 (see 
Fig. 3); the value at 298 K is 3.95X 10-34

. 

Recent infrared chemiluminescence measurements lO 

have provided values of the rate coefficient between 80 and 
170 K which can be fit by the expression k = 8 X 10-" (T I 
100) -3.2 cm6 molecule- 2 S-I; these values are shown in 
Fig. 4. 

M ~ He: The efficiency of He is stated to bp. - (,0% that 
of O2 or N2•3,164,165 This would give k (M = He, T = 298 
K) = 3.4x 10-34 cm6 molecule- 2 

S-I. A temperature de
pendence for M = He recombination has not been reported. 

M = 03 : The efficiency of O? is stated to be 2.27 X that 
of O2,164 which would give a value of k = 1.43 X 10:-33 (T I 
300) -2.0 cm6 molecule- 2 S-I. Benson and Axworthyl66 

give the same relative efficiency, but give a different expres
sion for k, 1.65 X 10-34 exp(300IT) cm6 molecule- 2 

S-I. 

These expressions are shown in Fig. 5. 
M =0: Two sets of values for the rate coefficient with 0 

atom as the third body have been reported, viz.: 

k = 2.15 X 10-34 exp(345IT) cm6 molecule- 2 
S-I 

(Refs. 1 and 167); 

k = 2.52x 10-36 exp(l0571T) cm6 molecule- 2 
S-I 

(Refs. 167 and 193). These are shown in Fig. 6. 
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4.1.a.2. Product State Distributions 

A substantial fraction of the exothermicity of the re
combination process appears as vibrational excitation of the 
product ozone molecule; this is a major source of the ozone 
infrared luminescence from the upper atmosphere. At
tempts to measure this distribution in the laboratory have 
employed both infrared chemiluminescence and transient 
UV absorption spectroscopy to observe the virationally ex
cited molecules. 

Von Rosenberg and Trainor156,168,169 were the first to 
observe infrared chemiluminescence from vibration ally ex
cited ozone molecules. However, since their experiments 
were carried out a high pressures (100-400 Torr 02)' the 
ozone molecules underwent extensive relaxation before they 
could be observed. Rawlins et al.8

-
1O,170 carried out experi

ments at lower pressures and temperatures in the COCHISE 
facility at the Air Force Geophysics Laboratory. Since, e~en 
in this apparatus, the ozone molecules still undergo - 104 

coHisions with argon atoms before they radiate, it is not pos
sible to observe a pure nascent distribution. The most recent 
COCHISE results 10 show ozone with population in (0,0, V3 ) 

Ilnd (1,0, V3 1) vibrational levels with up to v~ 5 quanta 
in the asymmetric stretching mode. The distribution within 
the V3 manifold appears to be equilibrated (presumably by 
efficient collisional relaxation), with an effective vibrational 
temperature Tv "'" 2000 K. 

An alternative technique for monitoring vibrational ex
citation in the ozone molecule, employed by Bair and co
workers, 1':>9,171,172 is observation of transient UV absorption 
in the Hartley band. Both this technique and that of infrared 
chemiluminescence depend on knowledge of vibrational-ex
citcd-statc spectroscopy for proper interpretation. The IR 
chemiluminescence technique requires knowledge of in
frared band intensities (see Sec. 3.1.b), while the transient 
UV absorption technique requires knowledge ofthe UV ab
sorption spectra of the vibrationally excited states (see Sec. 
3.3.c). In addition, both techniques follow changes in spec
tra as the initially formed molecules relax, and thus require a 
vibrational deactivation model for proper interpretation 
(see Sec. 4.1.c). 

The possibility that recombination occurs to a metasta
bll: dt:l:lruuk statt: uf uz.om:::, as all alternative to high vibra
tionallevels of the ground electronic state, has been suggest
ed several times. Von Rosenberg and Trainorl69 observed 
infrared emission at 6.6fLm, which they tentatively assigned 
to emission from 3B2; however, this emission was not ob
served by Rawlins et al. lo Wraight1 73 suggested a similar 
possibility, but proposed the lA2 state, lying ~ 1.0 eV above 
the ground state, as the one being formed. Perhaps the most 
convincing evidence for formation of the 3 B2 state is the mea
surement of the rate of formation of ozone using transient 
UV absorption 172. 174 or IR emission techniques. ls6 These 
studies conclude that as much as 60% of the available oxy
gen atoms may react to form triplet ozone. Additional ex
periments by Lockcr et al. 175 provide further corroboration. 
In that work, Locker et al. also determine effective rate coef-

ficients for quenching of 0 3 (3B 2) : 

M = O2 kQ = (2.9 ± 0.5) X 10- 15 cm3 molecule- 1 S-I 

=N2 = (1.0±OA)XlO- 15 cm3 molecule- 1 s- 1 

=Ar = (1.3±OA)XlO- 15 cm3 molecule- 1 s- 1
• 

The reaction 0 + 202 -+03 + 02(a i t.g ) would be ap
proximately 10.5 kJ/mol exothermic. Popovich et al. 176 con
sidered the possibility that 02ctt.) is formed in the recom
bination reaction by using detailed balancing to calculate the 
rate coefficient from the known rate for the reverse reaction 
(see Sec. 4. I.e. ). They found k 5 X 10-37 exp( 2940/ 
T) cm6molecule- 2 s- I

, which would make no significant 
contribution in the temperature range we are considering. 

4.1.a.3. Dissociation of Ozone 

0 3 + M ..... 0 2 + 0 + M, 1lH 0 = + 106.3 kJ/mol. 

While the thermal unimolecular decomposition of 
ozone will not make any contribution to kinetics at atmo
spheric temperature, a knowledge of its rate coefficient 
serves as a valuable check on the three-body recombination 
rate coefficient, since the two are related by detailed balanc
ing177

: 

• k(recombination) 
k (dissociation) 

The decomposition rates have been reviewed by several 
authors with the following results: 

M =03: kd ~ 1.65 X 10"':'9 exp( 11 435/T) cm3 mo
lecule-I S-I for T= 200 to 1000 KJ78; kd 
= 7.15X 10- 10 exp( - 11195/T) cm3 molecule- 1 S-1 for 
T = 300 to 3000 K.179 

M =02: As for the recombination process, O2 is (1/ 
2.27) X as effective as ozone, so kd = 7.26x 10-10 

exp(-11435/T) cm3 molecule- 1s-1 for T=2oo to 
1000 K.167.178 

In summary, the recombination and thermal dissocia
tion data are mutually consistent. 

4.1.b. Additional Sources of Ozone in the Upper Atmosphere 

While the three-body recombination process discussed 
in the preceding section is certainly the major source of at
mospheric ozone, and probably the only significant source in 
the stratosphere, the possibilities of additional reactions pro
ducing ozone have been suggested a number of times. In 
particular, Allen180 has recently noted that ozone concentra
tions observed in the lower thermosphere (90-110 km) are 
significantly in excess of model predictions, and suggests a 
bimolecular process involving electronically excited oxygen 
molecules as a possible source of the discrepancy. We con
sider this process below, along with several ionic processes 
that may also contribute to ozone formation. 
{i} 0 ! + Or-r03 + 0 

The molecular oxygen excitation energy must be in ex
cess of 392 kJ /mol in order for reaction (i) to proceed. The 
metastable02Ae~1;'" ),A 'eLlu ),andce~u-) statesaresuf
ficiently energetic to be candidates for the reactive 01' spe
cies. Reaction (i) has been proposed by Benson 181 and Sugi-
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mitsu and co-workers 182,183 in order to account for net ozone 
production rates in electric-discharge ozonizers. Popovich et 
al.184 pointed out that a reaction similar to (i), involving 
thermally excited ground-state oxygen molecules, must oc
cur by virtue of detailed balancing, with an activation energy 
of ~414 kJ/mol. Kenner and Ogryzlo185 attributed the ap
pearance of the NO~ continuum chemiluminescence spec
trum in their experiments to reaction of NO with vibration
ally excited ozone, which they suggested may be formed in 
l'cactiol1 (i) (see Sec. 4.l.k). Kolb et a/. 186 proposed that 
reaction (i) may be significant for interpretation of EX
CEDE experiments (infrared emission from electron-beam
pumped atmospheric mixtures). Rawlins et al. 10 considered 
the bimolecular process but found it did not account for the 
COCHISE data, since all the data followed the T- 3

•
2 tem

perature dependence noted above. However, this type of re
action may be implicated in the HIRIS auroral data. m-HI~ 

Despite these numerous citations of reaction (i), in a 
variety of experimental contexts, essentially no rate data are 
available for this process. SUgilllitsu and Okazaki Ill:? illfern:::d 
a value of k(i) 4.8xlO- 15 cm3 molecule- 1 s- 1 from 
modeling ozone formation in a pulsed electrical discharge. 
Kenner and Ogryzlol85 and Kolb et al. 186 suggested that a 
substantial fraction of the Ot (A, A') quenching rate (ap
proximately 10- 12 ~ 10- 14 cm3 molecule -I s -I) may pro
ceed via the reactive pathway (i). We have been unable to 
find any direct measurement of k(i) in the literature. 
(ii) 0 - +OZ-+03+e-

Although reaction (ii) is approximately 42 kllmol en-

dothermiclsi it may be promoted by accelerated 0- ions or 
vibrational1y excited O2 [also see reaction (iii) ] . A rate coef~ 
ficient k(ii) = 5x 10-15 cm3 molecule- 1 S-I has heen esti
mated by Niles, 100 Eliasson, 167 and Zalepukhin et al. 191 

(iiI) 0 - +02(111f)·~.·03 +e-
Excitation of the O2 to the metastable alllg state makes 

reaction (iii) approximately 52.3 kJ/mol exothermic. A rate 
coefficient k(iii) = 3x 10- 10 cm3 molecule- I S-I has been 
estimated by Sabadil and co-workers, 192. 193 Phelps,194 Feh
senfeld et al., 195 and Ferguson et «1. 196; k(iii) - 1.0 X 10- 10 

(NileslOO
). 

(iv) 0 - +02+M--'>-O -; +M 
Tht"! rate coefficient ft,r the associative recombination 

process (iv), with M O2, has been variously estimated as 
l.Ox 10-29 (Ref. 190), 1.1 X 10-30 (Refs. 167. 191, and 
196), and lAX 10-30 (Ref. 197) cm6 molecule- 2 S-I. Data 
onk(iv) for several values of gas density andE IN have been 
obtained by Harrison and Moruzzi,198 and are shown in Fig. 
7; the values fall between (0.5 and 1.0) X 10-30

• 

(v) 0 -+Or-+O 3+hv 
A rate coefficient for the radiative ion-association pro

cess (v) has been estimated as k(v) = 1.0X 10- 17 cm3 mo
lecule-I s-1.190,199 

(vi)Oi+O~03+e-
Estimates of the rate coefficient for the associative de

tachment process (vi) are 3.0X 10- 10 (Ref. 200), 
(3.0 ± 0.5) X 10- 10 (Ref. 194), 1.5X 10- 10 (Ref. 196), 
2.SXlO- 10 (Ref. 190), and 3.SXI0- IO cm3 mole
cule - I s - 1.191 The most reliable appears to be the measure-

20 30 40 50 60 70 80 1.2 -;-___ ..L.-I __ ...Ll ______ IL....-__ .L-I __ .l.I __ ----j1-
1.2 

1- r-1 

o 
f' 0.8- +L\ o 

r- 0.8 
(j) 

<D 

E 
u 

g 0.6- - 0.6 
I o c.. 
.:x

N 
0.4- ~ 0.4 

0.2 -

o = N = 2.10 x 10 '7cm- J 

t. N 1.94 x 1017cm-3 

.. = N = 1.46 x 1017cm-3 

)( = N = 1.13 x 1017cm- J 

r- 0.2 

D = N == 0.97 x 10'7cm-J 

O;-----TI-----r-I--~~--_.I-----r-I----~O 

20 30 40 50 60 70 80 
E/N (10- 17V-cm2

) 

FIG. 7.Three-body recombination rate coefficient for 0- + 202-0; + O2 , Ref. 198. 
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ment of k = l.SX 10- 10 cm3 molecule 1 S-I by Ferguson et 
al.,196 although this value is a factor of 2 smaller than the 
average of the other estimates. 
(vii) Charge-Neutralization Processes 

A rate coefficient for the three-body charge-neutraliza
tion process 

0- +ot +M->03+ M 

has been estimated as 2.0X 10-25 em6 moleeule- 2 s-l167,190 

(a) 0 3- + 0+ ~03 + 0, 

However, because of the large amount of energy released 
(-1000 kJ/mol), the product is surely unstable to O2 + 0, 
so that the net result is an electron transfer 

0- + O2+ --+02 + O. 

Rates have also been estimated for other charge-neu
tralization processes that would be required to produce neu
tral ozone from the 0; ions formed in reactions (iv) and 
(v). Thf'se include the following: 

k(a) = 1 X 10-7 (300/T) 1/2 cm3 molecule- I s-I, Ref. 167, 

k(a) = 2X 10-7 cm3 molecule- l S-1 at 300 K, Ref. 190, 

and (b) 0; + ot -+03 + O2 

k(b) =2XlO-7 (300/T)1/2 cm3 molecule- 1 s-t,Ref.167, 

k(b) = 2x 10-7 cm3 molecule-I S-I at 300 K, Refs. 190 and 199. 

It should be noted that reactions (vii.a) and (vii.b) are 
also highly exothermic, on the order of 800 kJ Imo! exother
mic. This would be sufficient to dissociate the newly formed 
ozone, yielciing 20 + O 2 and 202 + 0, respectively, or alter

natively to produce highly vibrationally excited ozone, oi. 
(viii) Other Reactions 

Several other possible reactions may be mentioned 
briefly, for which no data are available at present. Three
body electron attachment 

O2 + O2 + e- .... 0 3 + 0-

is ~250 kJ/mol endothermicl81 and is not likely to occur. 
Similarly, the reaction O2- + O2 -+ 0 3- + 0 has a threshold 
in excess of 5 eV.201 Radiative recombination 

O! + 0-+03 + hv 

is not known for neutrals, although the ionic process (v) has 
beeulloteu above. A negative iOIl dustel- n:al;tiOJJ 

0 4- + 0-+03- + O2, k 4X 10- 10 cm3 molecule- 1 S-I 

has been noted by Ferguson et al. 196; the corresponding posi
tive ion cluster reaction 

0/ + 0-+03 + ot (or 0 3+ + O2) 

is an important atmospheric reaction. Its rate has been moo
sured202 as k = (3 ± 2) X 10- 10 em3 molecule- 1 S-I. 

4.1.c. Energy Transfer Processes Involving Vibrationally Excited 
Ozone 

As a result of the low ambient pressures in the upper 
atmosphere, molecules may exist in a nonequilibrium distri
bution of vibrational and rotational states, and relaxation 
rates may compete with chemical reaction rates. In this sec
tion, we summarize the available data on vibrational and 
rotational relaxation of ozone. 

4.1.c.1. Vibrational Relaxation 

Vibrationally excited ozone has been produced in the 

laboratory using either of two techniques: as the product of 

the 0 + O 2 + M recombination reaction (Sec. 4.1.a) or by 
infrared laser pumping (Sec. 4.2.a). In the formerinstance, a 
broad distribution of vibrational states is produced; in the 
latt:r, a well-defined initial vibrational distribution is ob· 
tained, but it has not been possible to excite the ozone mole
cule beyond one or two quanta of excitation in the stretching 
modes. 

Several techniques are available for detection ofthe vi
brationally excited molecules. Transient ultraviolet absorp
tion of newly formed ozone molecules has been employed by 
Bair and co-workers. 159.160,164,171,172 Infrared chemilumines
cence has been used by von Rosenberg and Trainor I56,168,169 

and at the COCHISE facility at the Air Force Geophysics 
Laboratory. 8-10, 170 Both ofthese techniques require knowl
edge of state-dependent spectroscopic parameters: either the 
dependence of the UV absorption cross section on vibration
al state (Sec. 3.3.c), or of the vibrational transition moment 
on vibrational state (Sec. 3.1.c). 

Analogous techniques have been used to monitor popu
lations produced by infrared (mainly CO2 ) laser pumping. 
IR-UV double resonance absorption has been used by 
McDade and McGrath203 and by Adler-Golden et al.130.204 

IR fluorescence has been used by Cool and co_workers205-209 
and West et al.2lO An additional tcchniquc for monitoring 
vibrationally excited ozone depends on the enhancement of 
the NO! chemiluminescence in the 0 3 + NO-+N02 + O2 
reaction due to reactant vibrational excitation (see Sec. 
4.1.k); this technique has been used by Kurylo et al.,2lI-213 
Gordon and co-workers,214-218 and Cool et al.219 While the 
deactivation rate coefficient obtained from the NO chemilu
minescence technique is difficult to interpret in terms of 
state-to-state kinetics, the data obtained using this technique 
are so extensive that the results are included in this survey. 

Vibrational deactivation measurements UII ozoue; are 
summarized in Table 19. Typically, the asymmetric stretclt
ing state (001) is populated by a CO2 laser, and vibrational 
relaxation proceeds via the mechanism identifien hy Rosen 

and Cool,205 as follows. The stretching states (00l) and 

J. Phvs. Cl\em. R.ei. Oata. V o.t 16. ~o.. 4.. 1c!{l.1 
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(100) equilibrate with each other very rapidly, with a nearly 
gas~kinetic rate coefficient, and subsequently relax into the 
bending state (010) with a slower V-V rate constant k\. 
Finally, V - Trelaxation deactivates (010) with rate constant 
k2 to yield ground state ozone. This mechanism is general
ized to higher vibrational levels by presuming that stretching 
quanta equilibrate rapidly among themselves and then relax 
into bending quanta, which in tum are removed via V-To An 
exception to this mechanism occurs with a quencher mole
cule (e.g., SF(\) which has a vibratipnal frf~ql1M1CY c1o~e to 
ozone's stretching modes, and which therefore could remove 
stretching quanta via V-V transfer. 

According to Rosen and Cool's model the vibrational 
level popUlations follow two characteristic decay constants, 
)']Ip and).2Ip, from which kJ and k2 can be computed. How~ 
ever, in only a few cases (0, °2, °3, and Ar quenchers) have 
both decay constants been reported. The ratio k /k2 is less 
than unity for Ar (and, according to theory,2Z6 for He as 
wen) but greater than unity for 0, Oz, and 03' The claim by 
Joens et al. l60 of a less-than unity ratio for O 2 was based on 

J. Phys. Chern. Ref. Data, Vol. 16, No.4, 1987 

rather hazardous analysis of a complex system (ozone re
combination studied by ultraviolet absorption) and a faulty 
interpretation of previous data.204 Based on three indepen
dent studies156,204,210 the ratio for O2 is 1.7 ± O.l. 

There are essentially no direct measurements of state
to-state relaxation rates for the higher-lying vibrational lev
els. Endo et aJ.224 analyzed shock-tube data on thermal dis~ 
sociation of ozone to obtain < AE ), the average amount of 
energy transferred per collision, for a variety of bath gases at 
600-1100 K. The values obtained range from 0.16 kJ Imol 
(for argon) to 2.7 kJ/mol (for SF6 ). These are still highly 
averaged quantities, however, and do not yield state-specific . 
information. 

4.1.c.2. Rotational Relaxation 

There are no data available on rotational energy trans
fer rates in ozone. Ensemble-averaged rates can be extracted 
from the spectroscopic pressure-broadening coefficients dis
cussed in Sec. 3.Ld. 



Table 19 

Energy transfer processes in ozone 

03 ini tlal 03 final Collision RatE coeffici~nts 
Process TIK Technique ± Reference COIDcents 

state 8ta:e Partner cm3 molecule-:s-1 

100,001 OlC v-v 03 298 IR fluorescence kl 1.7(-13) 3D;;; 206 preferred value 

010 000 V-T 0) 298 IR fluorescence k2 8.8(-14) 20% 206 preferred value 

100,001 OlD v-v o atom 298 IR fluorescence kl 9(-l2) +1007., -50% 210 

010 000 V-T ° atom 298 IR fluorescence kZ 3(-[2) +100%, -50% 210 
I.h 

100,010,001 V-V, V-T °1 298 IR fluorescence ).2!P 1.9~-14) 20% 20S " rn 
100,001 010 v-v °2 :;98 IR-UV DR k1 5.2:-14) 20% 204 preferred value (') 

010 000 V-T °2 298 IR-UV DR k2 3.0(-14) 12% 204 preferred value -t 
:0 

100,001 010 v-v °1 .98 transient UV kl 9.4(-15) 16% 160 0 
I.h 

010 000 V-T 01 .98 trans ient UV k2 2.21(-14) 20% 160 (') 
0 100,010,001 000 V-T °1 ~98 NO reaction k 1.3(-14) 10% 111, 212 (a) 

" 100,001 010 v-v °2 :;98 IR fluorescence k1 3.7(-14) 50;;; 210 < 
» 

010 000 V-T °1 198 IR fluorescence k2 2.0(-14) 30% Z10 Z 
000 OO~ E-V ° "(b:E+) 80-170 IR chemiluminescence 10 (t) 0 

2 g 

" 100, OlD, 001 V-V,V-T HZ 198 IR fluorescence )'2 /p 7.1(-13) IS% 205 Z 
100,010,001 000 V-T HZ 198 NO react.ion k' 1.18(-12) 10% 111, 212 (a) rn 

-t 
100,010,001 000 V-T HZ 424 1<0 reaction k 2.14(-12) 10-20% Z14, 221 (b) n 

408 1.94 10-20% I.h 
1.07 1.84 10-20% 0 
)65 1.48 10-20% " J62 1.51 10-20% 0 
321 1.36 10-20% N 

~ J08 1.03 10-20% 0 
'tI 198 1.10 10-20% Z 
1 184 1.01 10-20r. m 
'I' 249 1.08 10-20% 

~ 224 0.58 10-20% 

~ 
100 0.70 10-20% 
:81 0.66 10-20% 

~ 
:67 0.80 

10-20% 

0 
!! 100,010,001 000 V-T para-H2 ,25 ~o reaction k 9.6(-13) 10-20% U4, 221 (b) 
pi .08 10.5 10-20% 
C 405 11.8 10-20% 
~ 390 13.9 10-20% ... 383 12.1 10-20% 
f'> 365 11.3 10-20% = 3'.8 9.~ 10-20% I) 

~ 
333 9.S 10-20% 

... 
CO P 

~ Co) ..... 
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"0 fable 19 (cont'd.) C/o) 

:s' 
I\) 

'< 
!h 
0 03 initial 03 final Collisio<l Rate coefficients :s' 
ft) Process T/K Technique Reference Comments 3 ± 

state state Partner cm3 mo!ecule-1s-1 
::0 
ft) 
:"' 
0 320 8.3 10-20r. 214, 221 (b) I\) .... 
Jl 304 9.8 10-20r. 
< 
~ 301 6.8 10-20r. 
..... 278 7.8 10-2·0r. !1' 
z 261 7.5 10-20r. p 
l'- 239 6.3 10-20r. en 

-I ..... 
224 m CD 6.0 10-20r. 

CD Z ...., 
206 5.8 1O-20r. ." 

100,010,001 V-V,V-T D2 298 IR fluorescence A2/p 1.5(-13) lOr. 205 
m 
r-

100,010,001 000 V-T DZ 413 NO reaction k 2.44(-13) 10-20r. 214 (b) P 
372 2.37 10-20r. » 
326 1.41 10-20r. e 
298 1.30 10-20r. r-

m 
297 1.13 10-20r. ::a 
266 1.21 1O-20r. I 

Q 
221 0.80 10-20r. 0 
200 0.98 10-20r. r-
182 0.85 10-20r. e 
165 1.58 10-20r. m 
165 1.11 10-20r. ~Z 

j, lip 4.0(-13) 25r. 208 » 
Z 

100,010,001 V-V,V-T CH4 298 IR fluorescence e 
).2/P 2.87 (-14) 25r. 205, 208 Q 

100,010,001 000 V-T CH4 298 NO reaction k 4.8(-13) lOr. 211, 212 (a) » 
100,010,001 V-V, V-T NZ 298 IR fluorescence ), 2/p 2.0(-14) 15r. 205 r-r-
100,010,001 000 V-T N2 298 NO reaction k 1.94(-14) lOr. 211, 212 (a) » 
100,010,001 V-V,V-T He 298 IR fluorescence A2/P 6.5(-14) 12r. 205 Q 

100,010,001 000 V-T He 298 NO reaction k 6.0(-14) 5r. 211, 212 (a) :J: 
m 

100,010,001 000 V-T He 444 NO reaction k 2. 3( -13) 10-20r. 214 (b) ::0 
406 1.78(-13) 10-20r. 
298 7.0(-14) 10-20r. 
284 5.54 10-20r. 
246 3.65 10-20r. 
223 3.5 10-20r. 
198 2.16 1O-20r. 
177 2.82 10-20r. 
164 1.66 10-20r. 

100,001 010 V-V Ar 298 IR fluorescence kl 5.6(-15) 30r. 206 preferred value 

010 000 V-T Ar 298 IR fluorescence k2 7.4(-15) 30r. 206 preferred value 

100,010,001 V-V,V-T Ar 298 IR fluorescence }.2/P 6.2(-15) 50r. 205 

100,010,001 000 V-T Ar 298 NO reaction k 7.3(-15) 25r. 211, 212 (a) 

000 E+(V,E?) * 3 + ArZ ( X) 298 pulsed e-beam k 4.6(-9) 15r. 222 



Table 19 (cont'd.) 

-~~~~~.."....--,..,.. 

03 initial 03 final Collision Rate coefficient 
Process T/K Technique ± Reference Comments 

state state Partner cm3 molecule-1 s-l 

100,OlD,001 V-V,V-T CO2 298 IR fluorescence /.. 2/p 9.7(-H) 5% 205 

100,010,001 000 V-T CO2 298 NO reaction k 1.06(-l3) 10% 211, 212 (a) 

000 .00,001 V-V CO 2(v3=l) 298 IR fluorescence k 7.6(-13) 20% 208, 209 

100,010,001 000 V-T S02 298 NO reaction k 2.35(-l3) 5% 211, 212 (a) 

100,010,001 V-V, V-T SF6 298 IR fluorescence A21> 2.7(-12) 20% 206 
rn 

100,OlD,001 000 V-T SF 6 298 NO reaction k 1. 9( -12) 10% 21:, 212 (a) iJ 
m 
0 

000 V-v SF 6(v3=1) 298 NO reaction 218 (e) -I 
:IJ 

100,010,001 000 V-V Sif4 298 NO reaction k 3.8(-11) 15% 212, 213 0 rn 
100,010,001 000 V-T H2O 298 NO reaction 3.5(-12) 10% 21:, 212 (a) 

0 
k 0 

iJ 
100,010,001 000 V-R,T H2O 295 NO reaction k 3.3(-12) 10-20% 215 < 

360 2.2 10-20% > 
380 1.6 10-20% Z 
395 1.8 10-20% 0 
410 1.7 10-20% " 

100,010,001 000 V-R,T °2° 300 NO reaction k 1.59(-1l) 10-20% 215 Z 
m 

303 • 2.11 10-20% -I 
333 1.15 10-20% (; 
377 0.91 10-20% (f) 
473 0.78 10-20% 0 

100,010,001 000 V-T HC.!- 173-419 NO reaction k (graph) -20% 210 'TI 
0 

100,001 010 v-v NO 350 NO reaction k 4.8(-13) 20% 217 (c) N 
0 

Q 
100,001 010 V-v NO 308 NO reaction k 3.6(-13) 50% 219 Z 

r V-T N02 298 NO reaction k 1.8(-13) 15% 223 (d) m 
i , V-T OCS 298 IR fluorescence k 2.7(-12) 45% 207 
r 

6E=0.16 - 2.7 kJ/mol depending on 224 0 V-T,V-V He,Ne,Ar, 600-1100 thermal 
! 
[J Kr,Xe,N2,02' dissocia tion collision partaer 

~ C02,CF4,SF6 (shock tube) , 
~ 

r 
::: Theoretical Calculations 

l. .. V-T Xe 300-2500 classical trajectory calculations 225 
f) 

~ 
020,100,001,010,000 V-T He 100- 450 BSIOS and VCCIOS calculations 226 

) 10-25 kcal/mole \-V,V-T Ar 250-2000 classical trajectory calculations 227 
>-

CS and CrOS calculations .. R-T He,Ar,Xe 500,2500 228 
<0 

" W 
~ W 
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Comments to Table 19 

(a) The rate coefficients determined by the NO chemi
luminescence technique usually approximate the value of 
A21p, except in the case ofCH4 • 

(b) As noted in the erratum to Ref. 214, there are two 
errors in Table II, p. 4218, of that reference. First, the k ~. 
rate coefficients for M = He are all a factor of 10 too large as 
given. Second, the column labeled "Probability X 104

" is 
actual1y "Probability X 103

." 

(c) Incorrect interpretatiuIl of O! + NO reactiuIl; rew 

ported value of 01 - He relaxation rate is a factor of ~ 3 too 
high. 

(d) Incorrect interpretation ofO! + NO reaction; ap
pear to have observed slow relaxation rateA2lp, on the basis 
of 0; O2 result.204,205 

(e) Efficient transfer from SFI CV3 1) to ozone obw 

served. 
(f) IR chemiluminescence results suggest 1/3 of O~ (b) 

quenching by ozone (k = 2.2 X 10- II em3 molecule-I s -I) 

may go by E-V transfer. v-v transfer from 02(V = 3) to 
produce 0 3 ( 102) is also suggested. 

4.1 ,c.a. "heoretical CalculatiOns 

Several theoretical calculations of energy transfer in 
ozone have been carried out. Stace and Murre1l225 carried 
out classical trajectory calculations on 0 3 colliding wirh He, 

Ar, and Xe for temperatures in the range 300-2500 K, and 
compared their results with thermal unimolecular decompo
sition data. Additionally, Stace229 determined the effect of 
anharmonicity on the value of the Jow-pressure rate coeffi
cient for unimolecular decomposition. Clary226 used breath
ing-sphere infinite-order-sudden (BSIOS) and vibrational
close-coupled infinite-order-sudden (VCCIOS) models to 
calculate the deactivation of 0 3 (010) by He, and obtained 
good agreement with thermally averaged rate coefficient 
data214 for 164< T <444 K. In addition. V-V rate constants 
at 300 K were calculated for all combinations of levels 
(020), (100), (001), (010), and (000). Gelb227 carried out 
classical trajectory calculations for ozone having initial total 
energy content of 42, 63, 84, and 105 kllmol, in col1isions 
with Ar atoms at relative translational energies of 2.1, 4.2, 
8.4, and 16.7 kJ Imol (corresponding to kinetic temperature 
of 250, 500, 1000, and 2000 K). He found that the direction 
of energy transfer (V-T as against T-V) is strongly in
fluenced by the rotational angular momentum of the ozone 
molecule Thl"se results are not incomdstent with, hut are not 
directly comparable to the shock-tube measurements of 
Endo et al.224 on (AE> in OrAr mixtures. It would be of 
interest to compare the trajectory results with other models 
of energy transfer in atom + polyatomic systems, such as the 
biased random-walk model230 or information theory.231 

Other relevant calculations include 0 3 + (He, Ar, Xe) 
rotational energy tramifer using ceIltrifugal sudrleu (CS) 

T(K) 
_ ~OO 400 298 250 200 167 

10 -=r~..I..---.l...-.--'---~--1...---+- 10-' 
o == West [234] 
v == CODATA [3] 

,..--... 10-7 10-2 

I" 
(f) 

I') 

E 
u 

~ 
0 ...--
"----/ 

.:::c.. 10-'; 10-3 

10-4-r--_r----,----.---.::::.---L 10-4 

2.0 3.0 4.0 5.0 6.0 
T-'(K-') *10-3 

FIG. 8 .. Bimolecular rate coefficient for Oep) + 0 3 - 202' In this and following figures, the dotted line 
mdlcates extrapolation of k( n beyond the temperature range recommended in Refs. 1-3. 
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and classical infinite-order-sudden (CIOS) approximations 
by Mulloney and Schatz,228 and modeling the overall relaxa
tion of ozone following CO2 laser excitation of the (00 1 ) 
state, including all rotation-translation (R-T) vibration
vibration (V-V, V-V'). and vibration-translation (V-T) 
t~lllIS. 232.233 

4.1.d. Reactions with Oxygen Atoms 

/lifO (kJ/mol) 

(i) Oep) + 03-->202e~;) - 391.8 
->02e~) + 02('~) - 297.6 
-02e~) + 02('~) - 234.8 

The accepted value of the thermal rate coefficiene 

8.0X 10- 12 exp( - 2060/T) cm3 molecule- 1 s- I 

is shown in Fig. 8. The value at 298 K is 8.0X 10- 15. 
Reactions of vibration ally excited ozone 

West, Weston, and F1ynn~H measured the total remo-
val rate ofOep) atoms by 0 3 (100,001), denoted O~, excit
ed by a CO2 laser. The rate ofO~ deactivation is 1.5X 10- 11 

cm3 molecule -1 s - 1, but less than 30% can be attributed to 
the reactive channel, i.e., most of the deactivation proceeds 
via V-T inelastic collisions. Chekin et al.m (also see Ref. 
236) reported a rate enhancement k t Ik(O) = 3.4 ± 0.5, but 
their use of a cw CO2 laser may have led to heating of the 
reaction mixute. Rawlins et al. 10 measured the following to
tal rates forO + 03(V) .... 0 + 0 3, O2 + O2 at T= 80 to 170 
K: 

v 

1 >O.8X 10- 11 

2 >1.4 
3 >2.0 
4 >2.7 
5 >3.6 

These rates are in good agreement with the measurement of 
West et al. 234 but the branching ratio between V-T deactiva
tion and reaction has not been established. 
Electronically excited molecular products 

Washida et al. 237.238 have found that the rate of produc
tion of 02('~) is less than 6% of the total reaction rate. 
Gauthier and Snelling239 found that the rate of production of 
O2 e ~) and O2 (' 2:) together are less than 3 % of the total 
reaction rate. Thus, the reaction appears to give exclusively 
ground state O2, 

(a) 

(ii) OeD) + 0 3 ..... 0 2 + 20 
(bl 

..... oep) +03 

(c) . 

-20zeag ) 

(d) 

.... 02e~t) + 02e~g-) 
(0) 

..... 202 eLg- ) 

83.3 

- 189.6 

393 

-425 

- 581 

The recommended value for the rate coefficiene 
between 200 and 400 K is 

2.5 X 10- 10 cm3 molecule-I S-I; 

no temperature dependence has been observed or reported. 
The reaction proceeds mainly via l'.hannels (a) and (e), 

with roughly equal rates into each channel3,240.241; this is 
confirmed by the report of Klais et al.242 that the rates of 
production of 02e~) and OZe~g ) are much less than 
those of channels (a) and (e). The02e~g-) is most likely 
produced with considerable vibrational excitation. 164,243 A 
theoretical calculation of the rate coefficient has been car
ried out by Tully244; it predicts very little temperature vari
ation over the range 100-2100 K, but overestimates the ab
solute value by a factor of 2. 

t:Ji O(kJ/mol) 

(iii) OeS) + 03->202(X3~g-) -796 
-20ep) + O 2 - 339.9 
->Oep) + OeD) + O2 - 108.4 

The only reported measurement245 is for removal of 
OeS) by 0 3 : 

(5.8 ± 1.0) X 10- 10 cm3 molecule-I 8- 1 at 298 K. 

No iuformation is available on which of the product chan
nels noted above may be followed by the rea"tiQll. 

4.1.e. ReactiOns with Oxygen Molecules 

AH O 

see comments 

The reaction as written is ~ 105 kJ/mol endothermic 
from the vibrational ground state of the molecules but may 
be enabled by reactant excitation. Arnold and Comes240,241 
found that vibrationally excited O2 reacts with ozone with a 
rate: 

(2.8 ± 0.3) X to-IS cm3 molecule-I S-1 at 298 K. 

No temperature dependence has been measured. 
The bimolecular isotope exchange region 
180 2 + 160 3 -+ 1&02

160 + 160 2 

appears to proceed extremely slowly (k < 2 X 10-25 cm3 mo
lecule - 1 S -1) at 298 K, and theretore is not of significance in 
atmospheric chemistry. 246 

(ii) 02e~g) + 0 3 -+202 + Oep), 

/lifo = + 12.1 kJ/mol. 

The recommended value for the rate coefficienf 
between 280 and 360 K is 

5.2X 10- 11 exp( - 2840IT) cm3 molecule-I S-1 

with k = 3.8 X 10- 15 at 298 K. An additional measure
ment240

,241 ofk = (5.1 ± 0.5) X to-IS at 298 Kisinreason
able agreement with the recommended value. Exciting the 
0 3 (initially to V3 1 ) with a COzlaser increases the rate by 
a factor of 38 ± 20, to (1 2) X 10- 13 cm3 mole 
cule- 1 S-I.247 With ozone excited to two or more quanta of 
the stretch mode, the rate of this essentially thermoneutral 
reaction may increase to 10- 11 ~ 10- 10 cm3 mole
cule - I s -1.10 
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Parker248 has suggested the possibility of an alternative 
energy transfer (E-E) channel, 

02eAg) + 03eA I ) ~02e~g-) + 03eB2 )· 

This process was also suggested by Kurylo et al.,247 to ex
plain their observed rate enhancement. 

(a) 

(iii) 02e~g+) + 0 3 ->202 + 0 - 50.6 

- 62.8 
(e) 

->02e~~-) + 0 3 -157 

The recommended value for the rate coefficient3,249-251 at 
298 K is 

(2.1±O.3)XlO 11 cm3 molecule- 1 s- 1
; 

no temperature dependence has been observed or reported. 
Slanger and Black250 report that the ratio k(a)/k(to

tal), i.e., reaction to total quenching of Oze:z), is =D.7. 
Rawlins et al. 10 postulate a E -> V energy transfer process 
producing 0 3 in V3 = 5 with a rate of 7 X 10- 12 cm3 mole
cule - J s - J (T - 80 to 170 K); this would correspond ap
proximately to the nonreactive part of the O2 ( 1 ~) deactiva
tion rate. 

4.1.f. Reactions with Hydrogen Atoms 

(a) 

H + Or-·OH(v) + 02C"L) 
(a') 

~ OH(v) + OzeA) 
(b) 

->H02 +O 

-322 

- 228.5 

- 89.6 

The recommended value for the rate coefficient2 
between 220 and 360 K is 

I.4X 10-10 exp( - 480/T) cm3 molecule-I S-I; 

the value at 298 K is 2.8X 10- 11, in reasonable agreement 
with a more recent determination252 of 1.5 X 10- 11 . 

After some disagreement, the branching ratio to 
H02 + 0 has been determinedm as k(b)/k(tota1) <:0.02. 
The branching ratio to OzeA) is <O.OOhk(total).237,254 

The only determination of k(v)/k(total), the branch
ing ratio to on vibrational states, is the infrared chemilu
minescence data of Charters et a/.255 The recommended val
ues given in Ref. 2 for v<6 are incorrect, since they are 
ele.riVf~eI fmm valne" of relative N(v) versus pressure for 
which collisional relaxation is significant. We have applied a 
linear surprisaJ analysis256,257 to the valid data reported by 
Charters et al.,255 viz.: 

k(8) = 0.8, k(7) 0.4, <004. 
k(9) k(9) k(9) 

A nflly"i~ ofthef:e elMH yip-lei" the following branching ratios: 

k(9) 0.43, k( 8) 0.35, k(7) = 0.17, 

k(6) 0.04 (uncertain). 

J. Phys. Chern. Ref. Data, Vol. 16, No.4, 1987 

k(5)through k(O} are not well determined, but in any case 
account for less than 1 % of the H + 0 3 reaction. This is a 
remarkable reaction, in which nearly all the reagent exother
micity is channeled into product vibration. A theoretical po
tential surface for this reaction has been calculated,258 but 
does not predict this feature very well. 

4.1.g. Reaction with Hydroxyl 

(a) 

OH + 03'-' HOz + O2 -159 

The recommended value for the thermally averaged 
rate coefficiene between 220 and 450 K is 

1.9X 10- 12 exp( - lOOO/T) cm3 molecule- J S-I; 

the value at 79R K j" n.7 X 10- 14. 

There have been several determinations ofOH(v) re
moval rate by ozone, which are summarized below: 

Ref. 259 Ref. 260 Refs. 252,261 

9 (7.7±0.3)XIO- 12 (11.0 ± 0.4) X 10- 12 2.0X 10- 10 

8 (6,7 ± 0.5) X 10- 12 (8.9 ± 0.2) X 10- 12 

7 (6.5 ± 0.5) X 10- 12 (8.5 ± 0.2) X 10- 12 

6 (5.3 ± 0.6) X lO-n (7.1 ±U.2)XIO- 12 

5 (3.4 ± 0.7) X 10- 12 (4.5 ± 0.1) X 10- 12 

4- (2.8 ± 0.8) X 10- 12 (3.7 ± 0.1) X 10- 12 

3 (2.4 ± 0.9) X 10- 12 

2 (1.9 ± 1.1) x 10- '2 

The first two data sets are plotted in Fig. 9. The extrapo
lation to k(O) = l.OX 10-12 cm3 molecule- 1 s-1, suggest
ed by Coltharp et al., 259 is clearly incompatible with the ther
mal data. The data for higher vibrational levels [including 
the very large value for k(9) reported by Greenblatt and 
Wiesenfe1d252

], are not inconsistent, since level populations 
in v> I are too small to make any contribution to the thermal 
rate coefficient at T < 1000 K. 

The measurements per se do not distinguish between 
reaction (a), above, and simple vibrational deactivation. 
There are two additional reactive channels that are endo
thermic from OH(v = 0), but become exothermic at higher 
v levels: 

(b) 

OH + 0 3 -> H + 202 (v>l), 

eel 

OH+03 ..... OH+0+02 (v>3). 

Slanger and Huestis261 conclude that the initial step leading 
to removal ofOH is indeed energy transfer (V-V), 

OH(v = 9) + 03 .... 0H + oL 
which is immediately followed by dissociation of 
05 .... O2 + 0, so that the dominant overall reaction channel 
at high OH(v) levels is (c). 

4.1.h. Reactions with Hydroperoxyl 

H02 + 03 ...... 0H + 202, AH o = 125 kJ/mol. 

The recommended rate coefficient2 between 250 and 

400K, 
1.4 X 10- 14 exp( 600/T) cm3 molecule- I 

S-l 
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FIG. 9. Rate coefficient forOH(v) + 0 3 .... products reported by Coltharp (Ref. 259) and Streit 
et al. (Ref. 260). The thermal rate coefficient (Ref. 2) is shown at v = o. 

T(K) 
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-+--"""T"'""--,.-----r---,---,----.--__/..... 10-4 
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) * 10-4 

FIG. 10. Bimolecular rate coefficients for H02 + 03-0H + 202' 
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is shown in Fig. 10. The value at 298 K is 2.0X 10- 15
• 

Manzanares et al. Z62 have measured rate coefficients for 
this reaction, k = (1.9 ± 0.3) X 10- 15 cm3 molecule- I S-I 
at298 K, (2.5 ± 0.2) X 10 15 at 343 K. Sinhaetai.,263 using 
isotopic labeling together with laser magnetic resonance de
tection, measured k over the range 243-413 K. Their value 
of the rate coefficient is 

k = (3.84 ± 2.4) X 10-14 exp[ ( - 825 ± 91)/11. 

These new data are also shown in Fig. 10. The more recent 
work, which appears to eliminate complications due to sec
ondary reactions of the OH scavenger, suggests that a revi
sion ofthe previously acceptedZ value of k is in order. 

4.1.1. Reactions with Nitrogen Atoms 

N(4S) + 03-->NO + °2, AllO = - 525 kJ/mol. 

The only measurement on this system264 gives an upper 
liInit for the rate at 298 K 

k<,SX 10-16 cm3 molecule- 1 S-I. 

Despite the large exothermicity, N(4S) is not very reactive 
to ozone. Unfortunately. several modeling ca1cula
tions265.266 have made use of an incorrect rate coefficient for 
this reaction. 

4.1.). Reactions with Nitrogen Molecules 

Nz + 03-->NzO + Oz, Allo = - 60.7 kJ/mol 

(from vibrationless reactants). 

The reaction between N2 and 03' when both species are 
in their ground electronic and vibrational states, is extremely 
slowz67: 

k<::::!.5X 10-28 cm3 molecule- 1 S-1 at 292 K. 

Prasad268 conjectured that a rapid reaction may occur 
between O~ (3 B2 ) and N2 at 77 K; no rate coefficient can be 
derived from his data. There is also a suggestion that vibra
tionally excited Ni may react with ozone with a rate = 10-12 

cm3 molecule- 1 s-I.269,270 None of these kinetic processes 
have been directly observed, however. 

4.1.k. Reactions with Nitric Oxide 

NO + 0r .. N02 + Oz, All Oo = - 199.2 kJ/mol. 

The reaction between nitric oxide and ozone has been 
extensively studied. The recommended rate coefficient3 

between 195 and 304 K, 

1.8x 10- 12 exp( - 13701T) cm3 molecule- 1 s-t, (1) 

is shown in Fig. 11. The value at 298 K is 1.8 X 10-14. 
Borders and Birks271 carried out measurements over a 

wider temperature range (204-353 K), and found a nonlin-

_tOO 298 250 T(K) 200 167_
1 10 -4------L........--"'-----r------I.-----t::-10 

o = CODATA [3] 
D = Borders [271 ] 
A = Givi [272] 

........... ::::: ......... [271 ] 

;;J-::::::::: 

NO + °3 -7 N02 + 02 
10-4

--+----r------,---r---..,.....----r-----..---+_ 10-4 

25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 
T-'(K-'-') * 10-4 

FIG. 11. Bimolecular rate coefficients for NO + 0 3 -> NOz + Oz. 
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ear Arrhenius behavior that may be represented by 

8.9X 10- 19 T 2.2 exp( - 7651T) cm3 molecule-I S-I. (2) 

Their value of k( 298) is 1. 9 X 10- 14. Another recent deter
mination272 is k(298) = 1.54x 10- 14. We recommend the 
use of Eq. (2), since it is valid over a wider temperature 
range than Eg. (1). Note from Fig. 11 that Eqs. (1) and (2) 
give nearly identical numerical results over the temperature 
range 200-300 K. but diverge at higher and lower tempera
tures. 

Visible chemiluminescence is observed in this reaction, 
and most analyses of the kinetics have assumed that the reac
tion takes place along two potential energy surfaces, as fol-
lows: 

NO + Or->N02 (2A j ) + O2, 

and 

NO + 03.-..NOreB2) + O2, 

with different rate coefficients and activation energies for 
each pathway. Recently, however, Adler_Golden213.274 has 
shown that the experimental data can be explained in terms 
of reaction on a single potential surface. Because of the ex
tensive mixing between the 2 B2 state and high vibrational 
levels of the ground CZAt) state at energies above the ongm 
of the 2 B2 state (approximately 10 000 em -I), a description 
in terms of Bom-Oppenheimer eigenstates is not valid. En
ergy in the N02 product may be emitted as either vibrational 
(infrared) or electronic (visible to near-infrared) chemilu
minescence. Because of the spectral dependence on N02 in
ternal energy, the apparent rate coefficient. activation ener
gy, etc., is a function of what portion of the emission is 
detected in the experiment. The branching ratio, ifJ*, and 
activation energy, E~, for the total chemiluminescence have 
recently been measured by Schurath et al./'!:> who obtained 
ifJ* 0.20andE:IR = 1950 K. According to Adler-Gold
en,273.274 these values are preferred to those of earlier studies. 

A number of experiments have investigated the effect of 
initial reactant state on the reaction rate. These are summar
ized in Table 20. Nearly all of these have made use of the 
visible chemiluminescence to follow the reaction; only Hui 
and Coo1219 carried out additional measurements of the vi
brational chemiluminescence with an infrared detector. 
Since nearly all measurements made use of the same red
sensitive photomultiplier (RCA C31034), the results are in
tercomparable; however, the results given in Table 20 are 
strictly valid only for that fraction of the reaction yielding 

NOrthat can emit radiation between the short wavelength 
cutoff of the continuum (-25 000 cm -I) and the long 
wavelength cutoff of the photomultiplier tube 
(-15000 em-I). 

A number of these experiments investigated the effect 
of vibrational excitation in the ozone molecule, using a CO2 

laser to excite the V3 = 1 stretching mode of 0 3 , All the re
sults showed an increase in reaction rate upon excita
tion.217.219.220.223.276.277 Since the two ~tr~tchinB mocle~ 

(VI,V3 ) are equilibrated with each other, and partially with 
the V 2 bending mode, on the timescale of the reaction, there 
can be no evidence for mode-specific enhancement.219.276 
Measurements of the enhancement of the infrared chemilu
minescence219 yield the same effective reduction in activa
tion energy as for the visible chemiluminescence,277 namely, 
- 5.4 kJ/mol. The fact that the effective activation energies 

for both the visible (electronic) and infrared (vibrational) 
chemiluminescence are the same is fully consistent with the 
model of 11 single reactive potential surface. 

Excitation of the NO (v 1) level by a CO laser pro
duces a rate enhancement comparable in magnitUde to that 
caused by excitation of the ozone.278 It may also be noted 
that vibrational excitation of either 0 3 or NO in low-tem
perature matrices (6--16 K) or cryogenic liquids also en
hances the N02 formation rate?79.280 Kenner and 
OgryzlolS;; measured spectraUy resolved chemilumines
cence ascribed to a reaction between NO and vibrationally 
excited ozone, presumed to have been formed in a bimolecu
lar reaction between Ot and O2 (see Sec. 4.1. b.i.). The peak 
of the chemiluminescence is shifted to shorter wavelengths 
by approximately 4000 cm -I (-50 kJ/mol). 

Mea~urements have also been carried out of the depen
dence of reaction cross section on relative translational ki
netic energy,281.282 NO and 0 3 rotational energy,281.283 NO 
spin-orbit state,283.284 and NO alignment and orienta
tion.284,285 These measurements were carried out with a su
personic beam of NO, interacting with either an effusive 
beam or static gas of 0 3, using visible chemiluminescence 
detection. These results are also summarized in Table 20. In 
general, it appears that translational, rotational, and vibra
tional energy all contribute to the reaction, but that the cross 
section is independent of the NO spin-orbit state. 

Several classical trajectory studies of the NO + 0 3 re
action have appeared.286.287 These models agree with the ex
perimental finding that there is no mode specificity in the 
vibrational enhancement of the rate coefficient, but the po
tential energy surfaces are not sufficiently accurate to permit 
prediction of many of the details given in Table 20. 
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Table 20 

State-dependent rates for 03 + NO reaction 

N0 2 02 

(final) (final) 

Experimental 
details 

invalid analysis, see Ref. 270 

visible CL, RCA C31034 
I ~ 308 K 

visible CL 
I " 298 K 

visible CL. RCA C31034 
155 K < I < 303 K 

Rate 
data 

k(OOl) 5 4 
I<.(thermal) ~ • 

relative CL yield = 
0.08, no change 

I<. increases 

1<.(001 ) 
k(th""m"l) 

va. I 

II (Eactl = -5.4 I<.J/mol 

visible CL, "red- measured l<.(tota1) = 
sengi ti ve PM'!''' k('t'e:ll"cti on) + 
158 K < T < 437 K k(deaetivation) 

visible CL, RCA 3l034A I/ K 1013 It/ em3 s-l 

IRCL. 3.4-4.0 ~m 
138 j{ ( T ( 410 j{ 400 2.13 

333 1.07 
286 0.75 
250 0.64 
222 0.62 
200 0.68 
181 0.74 
167 0.83 
154 0.97 
143 1.13 
A (Eaet ) • -5.4 kJ/mal 
for bath visible and 

IR emission 

resol ved CL, RCA 4831 emission maximum 
shifts -4000 cm-t 

higher energy 

visible CL, RCA C31034 k(NO* ) 
k(thermal} 5.7l~I:ZJ 

FTIR of products k(NO* ) 179 
6 K < T < 16 K (llatrix) k(dark) ~ (laser power) 

rate enhancement in "liquid 
cryosystem" (probably thermal) 
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Reference 

217 

276 

223 

277 

220 

219 

185 

278 

280 
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Table 20 (cont I d.) 

NO °3 N0 2 °2 Experimental Rate 
Reference 

(initial) (initial) (final) (final) details data 

supersonic effusive crossed beam E j 2.05 
281 

beam, beam, visible CL, RCA C31034 0R(E) 0; [ 9.6 kJ/mol-1 
280-380 K 300,181 K 

"R(Erot ) 0; (Erot )I.5±0.3 268 

supersonic effusive crossed beam "R vs. Etransl 282 

beam, -I beam visible CL, RCA C31034 

Vs = 551 mS "R (f) ml/2) 

"P. (f)=3/2) ~ 0.27 282 
.1 - 1/2,3/2 

(reinterpreted in 270, 278) 

supersonic effusive "R (1l=1 /2) 
beam beam 

"R(U=3/2) 
=0.9±0.2 290 

.1 = 1/2,3/2 
"R(03+NO ) 

1.66 ± 0.05 290 
"R(03-1{)N) = 

supersonic static cell, "R (U=I /2) 
beam 298 K "R (n-3/2) ~ 283 

il = 1/2,3/2 

O"n(E"ot) '" (E"ot)2. 0±0.5 283 

supersonic static cell, M "/; 285 
beam 160 K 

M m 3/2,1/2, 
-1/2.-3/2 3/2 1.192±0.009 

1/2 0.848±0.0IS 
-1/2 1.177±0.015 
-3/2 0.783±0.009 

a(IAg) PI-MS k(+ LA) 237 
< 0.002 * k(total} 238 

a( lAg) (resolved CL k(+ It, ) < 0.003 * k( total) 239 

b( I]; g> 770-1240 nm) k(+ IE) < 0.005 * k(total) 

supersonic supersonic "universal two mechanisms 291 
beam beam detector" proposed (03 + NO, 

!lCOM = 0.61 eV (total NO) 03 + ON?) 
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4.1.1. Reaction with Nitrogen Dioxide 

N02 + 03-N03 + O2, AH O = - 105 kJ/mo!. 

The recommended rate coefficient 1 between 230 and 
360K, 

1.2 X 10- 13 exp( - 24501T) em3 moleeule- 1 s-l, 

is shown in Fig. 12. The value at 298 K is 3.2X 10- 17• An 
additional determination at 296 K gives 
(3.45 ± 0.12) X 10- 17

, in good agreement with the forego
ing.288 Results on decomposition of ozone in the presence of 
nitrogen oxides are consistent with the recommended val
ue.289 

4.1.m. Electron and Ion Collision Processes 

4.1.m.1.lnteractlon of Electrons with Ozone 

(a) Electron affinity. Lifshitz et ai.201 surveyed deter
minations of RA (03 ) and recommended a value of 
2.26( + 0.04, - 0.06) eV. More recently, Novick et ai.153 
found a value of2.103 eV using laser photoelectron, photo
detachment, and photodestruction spectroscopy. We have 
taken a valueofEA = 2.1OeV = 202.6kJ/molin this report. 

(b) Elastic electron scattering. The only information 
available on elastic electron scattering is a theoretical calcu-

lation by J oShipura. 292 His results are the following: 

Electron energy 
(eV) 

loo 
200 
400 
700 

1Ooo 

Cross section 
(cm2 x 1016 ) 

18.5 
9.8 
5.1 
2.8 
2.1 

(c) Dissociative attachment reactions. The rate coeffi
cient for 

0 3 + e- -+02 I 0- (AHO ~ - 42kJ/mol)175, 

has been variously estimated as 9X 10- 12 (T 1300)1.5 cm3 

molecule- 1 S-I (Refs. 167 and 196), (1-10) X 10- 10 (Refs. 
191 and 194), and 3X 10-12 (Ref. 190). The rate coefficient 
for 

03+e- ..... OZ- +0 

is even less well established; estimates range from 
1.3X 10-30 (Ref. 167) to 3.8X 10-22 cm3 molecule- 1 S-I 

(Ref. 190). In any case, it seems to be of minor importance 
as compared with the preceding n:lictiun. The lalt: for the 
electron-collision-dissociation of ozone, 

0 3 + e- ...... 0 2 + 0 + e-

_100 298 250 T(K) 200 167 
10 ~----~~--~----~~------~10-3 

o = Cox [288] 
c = CODATA [1 ] 

..... 

[1 ] 

N02 + 03 ~ N03 + 02 
10-84---~--~--~--~----~--~--~10-8 

~O ~O liO ~O ~D ~D ~O roo 
T-1(K-') *10-4 

FIG. 12. Bimolecular rate coefficients for N02 + 0 3 -> N03 + 02' 
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has been estimated to be five times the corresponding rate for 
O2 + e- ->20 + e-293

; the rate for the latter reaction has 
been multiplied by 5 to obtain the value for ozone, shown as a 
function of electron energy in Fig. 13. 

(d) Electron attachment reactions. The three-body at
tachment reaction, 

03+e- +M->03- +M 

(AH o -EA 202.6 kJ/mo!) 

is estimated to proceed with a rate coefficient (for 
M = Oz)4.6x 10-28 cm6 molecule-2 S-I.167 The rate coef
ficient for the radiative attachment process, 

0 3 + e- .... 0; + hv, 

is estimated as I X 10- 17 cm3 molecule- l S-I.190 
(e) Ionization processes. The electron impact ioniza

tion cross sections for the processes 

0 3 + e- ->03+ + 2e-

-ot + 02e-

..... 0+ +0- +O+e-

(first ionization potential = 12.52 eV, see Sec. 3.2.e) for 
electron energies in the range 10-100 e V have been reported 
by SiegeJZ94 and are shown in Fig. 14. 

4.1.m.2. Ion-Molecule Reactions 

(a) 0 3- + 0---+02- + O2 (!::JIO - 241 kJ/mol). 

The rate coefficient for this process has been estimated as 

k= l.1x1O- 11 cm3 molecule- I S-I (Ref. 161) and 
2.5x1O- 10 (Ref. 295). 

(b) 0 3- + 0-->02 + e- (!::JI0 = - 197 kJ/mol), 

k = 1.1 X 10- 13 cm3 molecule- l s-t, Ref. 167. 

(c) 0; + Nz-->N02- + NO, 

k l.Ox 10-20 cm3 molecule- I S-I at 300 K, 

Ref. 190. 

(d) 0 3- + N02 -+03 + N02-, 

(e) 0 3- + N02 .... 0 2 + N03-

(!::JI0 = - 280 kJ/mol). 

Rate coefficients for reaction (e) are estimated as 
2.8 X 10- 10 cm3 molecule -1 s -I at T = 300 K296 and 
1.2x 10- 11 cm3 molecule- I S-I at laboratory ion energy 
(ELAB ) 0.3 eV.201 Rate coefficients for both the charge
exchange (d) and particle-transfer processes (e) are given 
as a function of center-of-mass ion energy (ECOM ) by Lif
shitz et al.201 ; the rate coefficient for (e) is about an order of 
magnitude less than that for (d) over the entire energy range 
ECOM = 0-5 eV (see Fig. 15). Rutherford et af.297 give the 
charge-exchange cross-section aCE) vs ECOM for ECOM 
= 1-200 eV (Fig. 16). 

(f) N02- + 03 ..... N02 + 0 3-, 

(g) NOz- + 03~02 + N03-

(!::JI0 = 261 kJ/mol). 

5 10 100 1Us 
..,d.-.L..I...J..U. __ -'----'---'-....L.-I .................... __ 01...-....1-....I--i= 105 

o 
e 

o 
o 

o 

o 

10° -J-.....,.....,...,........----r--r--lr--r-"T"'T"T"TT--r---r--r-+- 10° 
5 10 100 

C M Energy (eV) 

FIG. 13. Rate coefficients for electron-impact dissociation of ozone, estimated as 5 X the rate for 
e- + O2 + 20 + e-, Ref. 167. 
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FIG. 14. Electron-impact ionization cross section for ozone, Ref. 294. 
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FIG. 16. Charge-transfer cross section for 0 3- + N02, Ref. 297. 

Rate coefficients for reaction (g) are estimated as 
9X 10- 11 cm3 molecule- 1 

S-I at T= 300 K (Ref. 295) and 
4.4X 10-12 cm3 molecule-I S-I atELAB 0.3 eV.201 Cross 
sections for all four processes (d-g) vs laboratory ion energy 
(0-12 eV) have been given by Lifshitz et al. 201 

(h) 0- + 0~ ..... 01- + 0 (/lil o = - 59 kJ/mol). 

The rate coefficient for the charge-exchange process 
has been estimated as (2±0.4)XlO- IO cm3 mole
cule- l S-1 at ELAB = 0.3 eV.201.298 5.5X 10- 10 at T = 300 
K.167.190.191 Rutherford et al. 297 give the charge-exchange 
cross-section cr(E) vs ECOM = 0.03-300 eV (Fig. 17). 

255 kJ/mol) , 

k = (3 ± 1) X 10- 10 cm3 molecule- 1 S-I 

atELAB = 0.3 eV. Ref. 298. 

(j) 0- + 03"-.02- + O2 (/lil ° = - 297 kJ/mo!), 

k (0.1 ± 0.05) X 10- 10 cm3 molecule- 1 S-1 

atELAB 0.3 eV, Ref. 298. 

(k) 0; + 0},"--03- + O2 (/lil O = - 155 kJ/mol). 

The rate coefficient for the charge-exchange process 
has been estimated as 3.2X 10-10 (Refs. 191 and 299), 
4X 10- 10 (Ref. 190), 6X 10- 10 cm3 molecule- 1 S-1 at 300 
K. 295 Rutherford et af.297 give the charge-exchange cross
section cr(E) vs EeoM for EeoM = 0.3-300 eV (Fig. 18). 

(1) OH- + 0 3 -02 + HOz + e

(AHo = + 15.5 kJ/mo!) , 

atELAB = 0.3 eV, Ref. 298. 

(m) OH- + 03->OH + 0 3-

(/lil0 = - 15.1 kJ/mo!) , 

k = (5 ± 0.2) X 10- 10 cm3 molecule- 1 8- 1 

at ELAB = 0.3 eV, Ref. 298. 

Also cr(E) vs EeoM for ECOM = 0.03-300 eV297 (Fig. 19). 

(n) OH- + 0 3 -> H02- + O2, 

k (0.3 ± 0.1) X 10- 10 cm3 molecule- 1 8- 1 

at ELAB = 0.3 eV, Ref. 298. 

(0) OH- + 0,-02- + H02 

(/lil o 27.2 kJ/mol) , 

k = (0.1 ± 0.05) X 10- 10 cm3.molecule- 1 S-1 

at ELAB = 0.3 eV, Ref. 298. 

4.2 Miscellaneous Topics 

4.2.a. IR Multiphoton Excitation 

Resonant absorption of CO2 laser photons by the V3 

stretching mode of ozone has been used to produce vibra
tionally excited ozone for energy-transfer studies (see Sec. 

J. Phys. Chem. Ref. Data, Vol. 16. NO.4. 1987 
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FIG. 17. Charge-transfer cross section for 0- + 0
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, Ref. 297. 
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FIG. 19.Charge-transfer cross section for OH- + 0,. Ref. 297. 

4.l.c). In 1979, Proch and Schrode~oo reported the IR mul
tiphoton decomposition of ozone, based on the observed de
crease in ultraviolet absorbance following the COz laser 
pulse (intensity - 6 X 108 W / cmz). The decrease was not 
immediate, implying that dissociation of excited ozone in
volves collisions. Another complicating factor in this experi
ment is the change in Hartley band extinction coefficients as 
a result of vibrational excitation. 130 More recently, thermal 
decomposition of ozone and 03/0z mixtures has been initi
ated by absorption of COzlaser energy.30l,30Z 

In studies of the vibrational state dependence of Hartley 
band absorption, Adler-Golden et al.130 found no evidence 
of COz-Iaser excitation much beyond the V3 = 1 level at 
moderate IR fluences ( - 1 MW I cmz). The same result was 
obtained in CARS measurements on laser-pumped ozone. IOZ 
However, Chugunov et al.303 found evidence oftwo-photon 
processes at intensities of - 109 WI cmz. Quack and Sut
cliffe304-306 analyzed the interaction of ozone with COzlaser 
radiation theoretically; they determined that collision-free 
multiphoton excitation should occur only at laser intensities 
above 40-100 GW Icmz. 

Another interesting recent observation307 is that the 

Hartley band absorption can be saturated at the KrF laser 
wavelength (248 nm). The saturation fluence is approxi
mately 0.1-0.5 J/cmz, and is independent ofbutfer gas pres
sure. 

4.2.b. Vapor Pressure Measurements 

Hansen and Mauersberge~08,309 determined the vapor 
pressure of ozone by direct measurement over its condensed 
phases. Above the liquid [T= 85 to 95 K; P(03) = 0.02 to 
0.25 Torr] the Clausius-Clapeyron eqnation for the vapor 
pressure derived from the data is 

10glO(P/Torr) = 8.544 ± 0.013 - (867.6 ± 1.2)/T. 

Over the crystalline solid (T = 66 to 87 K) thc cljuatiun is 

loglo(P/Torr) = 10.460 - 1021.6/T 

with an estimated precision of ± 1 %. Limited extrapola
tions of the first equation above 95 K, and of the second 
equation below 66 K, should be practicable. 

5. Recommendations and Conclusions 
While many of the reactions of mesospheric and ther

mospheric ozone are well characterized, additional informa
tion is still required regarding state-specific reaction rate co
efficients. In particular, the following data should be 
obtained: 

(1) The formation of metastable e Bz) ozone in three
body recombination should be further investigated; the spec
troscopy and reactivity of this state need to be characterized. 

(2) Additional data on vibrational deactivation pro-
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cesses are required, particularly on state-to-state V-V and 
V-T rate coefficients for (v j ,v3 ) > 1 and on the temperature 
coefficients for atmospheric deactivation by species such as 
O2 and N2• 

( 3) Rates for additional ozone formation channels, 
particularly reaction of excited-state neutrals and ion-mole
cule processes, need to be determined more accurately. 

( 4) Rate coefficients for many reactions should be mea
sured in the temperature range 180-250 K, characteristic of 
the thermosphere. 

(5) For the reaction ofOep) with vibrationally excit
ed ozone, absolute rate coefficients need to be determined as 
a function of ozone vibrational state, along with their tem
pelalun: llt:peudence. The branching ratio between reactions 
to form two oxygen molecules, relative to vibrational deacti
vation of the ozone, needs to be determined. 

(6) The problem of the OH vibrational state distribu
tion in the reaction H + 03 .... 0H(V) + O2 should be rein
vestigated, as well as the v-state dependence of the reaction 
ofOH(v) + 03-products. 

(7) Rate and!or cross-section measurements should be 
undertaken for electron and ion collision processes involving 
ozone. Most of the values appearing in the literature appear 
to be simply cited from other data surveys and estimates. 

(6) Estimates should be made of the relative contribu
tions to overall atmospheric rates of the new and! or revised 
reactions and rate coefficients discussed in this report, using 
existing or modified atmospheric modeling codes. 

An alphabetical listing of references is available in JILA 
Data Center Report No. 31. 
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